Introduction {#s1}
============

The thalamus plays an important role in coordinating global brain signals responsible for cognition and normal waking behavior ([@bib87]; [@bib56]; [@bib66]). The central thalamus and intralaminar nuclei, in particular, have been postulated to play a critical and unique function in regulating arousal, attention, and goal-directed behavior ([@bib78]; [@bib60]). This idea dates back to the first demonstrations that direct and indirect electrical stimulations of central thalamus control cortical electroencephalography (EEG) dynamics and elicit behavioral transitions between drowsiness/relaxation and wakefulness/attention ([@bib68]; [@bib43]; [@bib31]). Since the initial identification of central thalamus's causal effect on brain state and behavior, significant support for its role in arousal regulation has come from anatomical and histological studies. Steriade and Glenn ([@bib95]) identified a monosynaptic pathway from the mesencephalic reticular formation to the central lateral (CL) and paracentral (PC) nuclei of central thalamus that projects to cerebral cortex and striatum. In addition to this input, the central thalamus receives projections from other arousal systems, including norepinephrinergic innervation from locus coeruleus ([@bib104]) and cholinergic innervation from the upper brainstem and basal forebrain ([@bib38]). In combination with these inputs, the diffuse projections of central thalamus allow it to influence the overall excitability of cortex during states of attention. For example, virtually all relay cells of the CL nucleus project to both striatum and cerebral cortex ([@bib23]).

Studies on the physiological properties of central thalamus also show that it is tightly coupled to arousal regulation. First, variations in the level of activity within the intralaminar nuclei are linked to changes in behavioral alertness ([@bib50]; [@bib88]; [@bib59]; [@bib79]; [@bib32]), including transitions during the normal sleep--wake cycle and acute cognitive enhancements such as improved working-memory and sustained attention ([@bib5]). Similarly, lesions of the central thalamus can produce enduring cognitive impairments, including reduced attentional processing and memory ([@bib36]; [@bib58]; [@bib100]; [@bib69]), hypersomnolence ([@bib8]), or even coma ([@bib12]; [@bib75]). Indeed, neuronal loss across central thalamus has been associated with severely disabled and vegetative patients following severe traumatic brain injury ([@bib63]). In addition, electrical stimulation of the central thalamus at low frequencies is associated with absence seizures and behavioral arrest in animal models ([@bib43]) and human subjects ([@bib103]). Human imaging studies have also found that anesthesia-induced loss of consciousness is associated with disrupted thalamocortical functional connectivity in regions consistent with the intralaminar nuclei ([@bib2]).

According to the mesocircuit hypothesis of forebrain dysfunction, the central thalamus, which has a strong activating role in driving cortical and striatal neurons ([@bib81]), is under tonic inhibition by GABAergic pallidal neurons ([@bib34]). This GABAergic population is itself inhibited by the striatal neurons driven by central thalamus, creating a positive feedback loop. Thus, when the thalamostriatal and thalamocortical projections from central thalamus are partially lost due to brain injury, it causes disinhibition of the pallidum and increased inhibition of the remaining central thalamus neurons, which further reduces cortical activation. While this down-regulation is predicted to have broad modulatory impact on global dynamics, deep brain stimulation (DBS) of central thalamus has been explored as a potential means of reversing its effects and facilitating arousal regulation in the minimally conscious state ([@bib88]; [@bib77]; [@bib59]; [@bib91]; [@bib60]; [@bib82]; [@bib30]; [@bib37]). Despite success in a single-subject clinical study ([@bib77]), identification of circuit-level mechanisms that link therapeutic efficacy of central thalamus DBS to specific stimulation parameters remains challenging and at present limits the clinical efficacy of DBS in subjects with traumatic brain injury. Thus, while significant progress has been made in understanding the connections of central thalamus and its behavioral correlates ([@bib101]; [@bib80]), relatively little is known about the dynamic function of these circuits, and no clear mechanism exists to explain how -- or indeed, if -- a single population in central thalamus can act as a switch on the global brain state.

To overcome such obstacles and dissect the dynamic influence of central thalamus on global brain networks, we combined targeted optogenetic control of excitatory relay neurons within central thalamus with whole-brain fMRI readouts, EEG, and single-unit recordings. The combination of optogenetic stimulation with fMRI (ofMRI) has been demonstrated to be an effective method for mapping the functional role of specific genetically- and spatially-defined neuronal populations at various brain regions and different frequencies of stimulation ([@bib53]; [@bib22]; [@bib105]; [@bib54]; [@bib97]; [@bib25]; [@bib11]). In the present work, we sought to apply this approach to uncover the downstream effects of distinct firing patterns by central thalamus relay cells at the whole-brain level -- a visualization uniquely possible with ofMRI. Prior work beginning with Morison and Dempsey ([@bib67]), who envisioned "dissecting... the electrical activity of the cortex on the basis of its relations with the thalamus," has shown that high- and low-frequency electrical stimulation of thalamic nuclei can produce distinct cortical activation patterns. For example, early studies of the intralaminar nuclei per se showed that low-frequency stimulation evokes slow-wave activity and spindle bursts in cortical EEG, which are associated with primary generalized absence seizures, loss of consciousness, and drowsiness ([@bib43]; [@bib46]; [@bib84]). Conversely, high-frequency electrical stimulation has been shown to desynchronize the cortical EEG signal ([@bib68]), which is associated with behavioral arousal. While these studies set early hypotheses on the mechanisms of arousal regulation, the non-selective nature of electrical stimulation has prevented the observed responses from being attributed specifically to relay cells, and not synaptic afferents or fibers of passage mixing together in a bulk activation effect. More importantly, although a picture of whole brain activity can be vaguely inferred from electrophysiology recordings, these techniques cannot provide a direct visualization of activity across individual brain regions over the entire brain. Because ofMRI can provide spatial and temporal information on the whole-brain scale during perturbations of specific neural circuitry, we applied this technique to study the causal role of central thalamus relay neurons in activating forebrain networks.

In addition, following on novel results described below, we were led to examine the interplay between central thalamus and zona incerta (ZI), a subcortical region implicated in the modulation of absence seizures in rats ([@bib86]). The ZI, a mostly GABAergic region, has been shown to limit the transmission of ascending sensory information via feedforward inhibition of higher order thalamic nuclei ([@bib7]; [@bib99]; [@bib52]; [@bib98]). Such activity can induce a state of reduced sensory processing, similar to the behavioral quiescence induced by low-frequency central thalamus stimulation. These studies suggest a powerful control exerted by ZI over brain state and higher level processing, much like central thalamus. However, the possible involvement of ZI in central thalamus arousal circuits remains unexplored. Here, we investigated the electrophysiology responses of this region during targeted stimulation of central thalamus at frequencies that either facilitate or suppress attention and arousal. To determine whether ZI plays an active role in these circuits, we also used optogenetics to specifically inhibit neurons in this region during central thalamus stimulation. This experimental paradigm was used to infer ZI's functional contribution to the central thalamus-driven brain circuit dynamics measured with fMRI and electrophysiology.

Results {#s2}
=======

High-frequency stimulation of central thalamus relay neurons drives widespread forebrain activation in vivo {#s2-1}
-----------------------------------------------------------------------------------------------------------

To investigate the specific role of central thalamus, we applied optogenetic techniques to control relay cells in a spatially and temporally precise manner. We performed a stereotactic injection in the right CL and PC intralaminar nuclei of central thalamus with adeno-associated virus carrying channelrhodopsin-2 (ChR2) and the fluorescent reporter protein EYFP under control of the CaMKIIa promoter. This promoter is expressed primarily in excitatory neurons, the vast majority of which in thalamus are relay cells ([@bib93]; [@bib27]). Of cells identified within the bulk injection area, 35% were EYFP-positive, and 97% of EYFP-positive cells co-expressed CaMKIIa, indicating high sensitivity for stimulation of excitatory neurons (n = 2 rats, 831 cells; [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). While ChR2-EYFP expression extended beyond these two nuclei ([Figure 1A](#fig1){ref-type="fig"}), targeted stimulation of the intralaminar nuclei was achieved by (a) stereotactic placement of the implanted optical fiber, as confirmed with high-resolution T2-weighted structural MR images ([Figure 1B,C](#fig1){ref-type="fig"}), and (b) spatially restricted illumination ([Figure 1A,B](#fig1){ref-type="fig"}). We initially injected and cannulated 47 rats using the central thalamus as the stereotactic target (-3.2 mm AP, +1.5 mm ML, -5.5 mm DV). However, the intralaminar nuclei are relatively small and difficult to accurately target. We therefore used only a subset of these animals based on the empirically observed distribution of optical fiber tip locations using T2-weighted MRI scans ([Figure 1B](#fig1){ref-type="fig"}; \<0.85 mm distance from target coordinate). Of the 18 rats that had an accurately localized implant location, two exhibited a general absence of fMRI activity -- most notably at the site of stimulation -- and were excluded, leaving 16 animals for further analysis.10.7554/eLife.09215.003Figure 1.Targeted stimulation of central thalamus evokes positive BOLD changes and increases in neuronal firing at the site of stimulation.(**A**) Representative wide-field fluorescence image shows robust ChR2-EYFP expression throughout central thalamus, overlaid with the estimated cone of excited tissue shown to scale. (**B**) Empirically observed locations of fiber optic implants in initial cohort of 47 rats, estimated using high-resolution structural MRI scans. Of these animals, 18 had implant locations that were accurately localized to the central thalamus (\<0.85 mm from target site, shown as dashed circle and cross). Two were excluded based on lack of thalamic activation, leaving n = 16 rats for further analysis. Black dots indicate implant coordinates of 16 animals used for analysis. Gray dots indicate implant coordinates of 31 rejected animals. (**C**) Representative T2-weighted anatomical MRI scan used to estimate implant location, marked with arrow. (**D**) Schematic of 23 coronal slices acquired during ofMRI experiments. Slice numbers correspond to activation maps in [Figure 2](#fig2){ref-type="fig"}. (**E**) Average time series of significantly modulated voxels within the ipsilateral thalamus ROI (see [Figure 2D](#fig2){ref-type="fig"}) exhibit robust positive BOLD responses during repeated 20 s periods of stimulation at 10, 40, and 100 Hz, indicated by blue bars. Values are mean ± s.e.m. across animals (n = 16, 10, and 16 for each frequency, respectively). (**F**) Diagram of local in vivo optrode recordings during optical stimulation of central thalamus. Inset shows spike waveforms of a recorded neuron. (**G**) Representative peri-event time histogram of a recorded neuron showing the increase in firing rate within central thalamus during optical stimulation at each of the three frequencies tested. See also [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} and [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}. BOLD: Blood-oxygen-level-dependent; ROI: Regions of interest.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.003](10.7554/eLife.09215.003)10.7554/eLife.09215.004Figure 1---source data 1.Firing rates before, during, and after repeated 20 s stimulation periods for each of the five neurons recorded in central thalamus.Exact p values comparing thalamic firing rate before and during stimulation are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.004](10.7554/eLife.09215.004)10.7554/eLife.09215.005Figure 1---figure supplement 1.Specificity of ChR2 targeting for CaMKIIa-positive cells.Immunohistochemistry confirms the specific targeting of ChR2-EYFP to CaMKIIa-positive neurons in central thalamus. 35% of cells identified within the bulk injection area were EYFP-positive, and 97% of EYFP-positive cells co-expressed CaMKIIa (n = 2 rats, 831 cells). Scale bar, 10 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.005](10.7554/eLife.09215.005)

In order to achieve a small volume of directly excited tissue limited to the intralaminar nuclei, we used a 62.5-μm diameter optical fiber. Assuming that an intensity of 1 mW/mm^2^ is required for ChR2 activation ([@bib4]), the specific power exiting from the fiber optic's tip in these experiments (2.5 mW) corresponds to a penetration depth of 1.08 mm and a volume of 0.08 mm^3^ over which ChR2+ neurons can be excited. [Figure 1A](#fig1){ref-type="fig"} illustrates this penetration depth and activation cone (11.7° half-angle of divergence) to scale with the targeted nuclei, showing that stimulation is well restricted to the central thalamus. These two factors (MR-validated stereotactic fiber placement and a small volume of excited tissue) suggest that the effects reported here primarily derive from stimulation of excitatory relay neurons within the central thalamus.

To explore the anatomical connectivity of transfected neurons in central thalamus, we collected ex vivo fluorescence microscopy images of ChR2-EYFP expression. Due to the spread of viral transfection ([Figure 1A](#fig1){ref-type="fig"}), it is possible that the reported fluorescence reflects projections from adjacent thalamic nuclei as well. Nevertheless, in agreement with known projection systems of central thalamus, EYFP-expressing axons were observed throughout forebrain, including frontal cortex and striatum ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). In particular, the medial prefrontal, lateral prefrontal, cingulate, motor, and sensory cortices all received strong projections. This input was highly convergent at the superficial layers, with moderate but weaker projections present in middle layers as well. Furthermore, projections were significantly restricted to the hemisphere ipsilateral to virus injection for both cortex and striatum. While these anatomical connections provide a strong foundation for understanding how central thalamus can influence brain state, they do little to explain the dynamic nature of these circuits -- for example, how stimulation of central thalamus at different frequencies can lead to distinct behavioral responses ([@bib43]; [@bib103]). Therefore, to dissect the functional significance of these massive forebrain projections and visualize the large-scale spatial and temporal dynamics evoked by central thalamus stimulation, we combined optical stimulation with simultaneous in vivo whole-brain functional imaging ([@bib53]).

During optogenetic fMRI experiments, 23 coronal slices with 0.5 × 0.5 mm^2^ in-plane resolution and 0.5 mm thickness were acquired at a frame rate of 750 ms using spiral k-space trajectories and a sliding window reconstruction algorithm to achieve high-spatiotemporal resolutions with whole-brain coverage (bregma +5.2 to -5.3 mm; [Figure 1D](#fig1){ref-type="fig"}) ([@bib29]). Novel inverse Gauss-Newton methods were also used to correct for possible motion artifacts and optimize the robustness of detecting optogenetically evoked responses ([@bib29]). For each experiment, we delivered 20 s periods of stimulation every minute for 6 min at 10, 40, or 100 Hz. This form of continuous steady-state stimulation mimics the approach used in clinical DBS and has been showed to evoke robust fMRI responses with optogenetic stimuli ([@bib53]; [@bib25]; [@bib105]). Indeed, stimulation at all three frequencies resulted in a robust positive blood-oxygen-level-dependent (BOLD) signal at the site of stimulation that was highly synchronized to light delivery, increased upon optical activation, and gradually returned to baseline following the end of stimulation ([Figure 1E](#fig1){ref-type="fig"}). To confirm that this BOLD signal reflected underlying neuronal firing patterns, we next performed simultaneous single-unit recordings with stimulation using an optrode at the central thalamus ([Figure 1F](#fig1){ref-type="fig"}). In agreement with the fMRI signal, stimulations at 10, 40, and 100 Hz all resulted in robust increases in the local neuronal firing rate ([Figure 1G;](#fig1){ref-type="fig"} n = 5 neurons, p\< 0.05, Wilcoxon signed-rank test between the 20 s pre-stimulation and stimulation periods, 12 trials for each neuron).

Both locally in the thalamus and at downstream, synaptically connected brain regions, the frequency of stimulation was a critical parameter in determining the extent of ipsilateral and contralateral BOLD activation -- defined here as positive BOLD signals significantly synchronized to the block stimulation paradigm (see 'Materials and methods'). In general, a much larger volume of brain tissue was activated by stimulation at 40 and 100 Hz compared to 10 Hz, with frontocortical areas and striatum being strongly activated at high frequencies ([Figure 2A--C](#fig2){ref-type="fig"}; [Videos 1](#media1){ref-type="other"}--[3](#media3){ref-type="other"}). To quantify these spatial differences in recruitment patterns, we calculated the total volume of positive and statistically significant BOLD signals evoked by stimulation in select region of interests (ROIs) ([Figure 2D](#fig2){ref-type="fig"}). This difference in activation volume between low- (10 Hz) and high- (40 or 100 Hz) stimulation frequencies was significant at the thalamus, striatum, and medial prefrontal, lateral prefrontal, cingulate, motor, and sensory cortices ([Figure 2E--H](#fig2){ref-type="fig"}). Striatal activity was primarily localized to the dorsal sector, with negligible activity occurring in the ventral region ([Figure 2B,C](#fig2){ref-type="fig"}). Furthermore, BOLD activation was generally restricted to the ipsilateral hemisphere, although activation volumes in the contralateral striatum, lateral prefrontal cortex, motor cortex, and sensory cortex were all significantly greater during 100 Hz stimulation compared to 10 Hz stimulation ([Figure 2F--H](#fig2){ref-type="fig"}).10.7554/eLife.09215.006Figure 2.Spatial characterization of evoked fMRI signals.(**A---C**) Average coherence maps of brain-wide activity during stimulation of excitatory central thalamus relay neurons at 10, 40, and 100 Hz. Warm colors indicate positive BOLD responses, while cool colors indicate negative BOLD responses (see 'Materials and methods'). (**D**) Regions of interest (ROIs) used for quantitative analysis of spatial ofMRI activation patterns. (**E**) The amount of active volume (positive signal with coherence \> 0.35) in the ipsilateral thalamus is significantly greater during 40 and 100 Hz stimulations than 10 Hz stimulation. Thalamic recruitment is relatively limited on the contralateral side. (**F**) Activation of the ipsilateral striatum is significantly greater during 40 and 100 Hz stimulations than 10 Hz stimulation. Activation of the contralateral striatum is limited across frequencies, although there is an increase from 10 to 100 Hz. (**G**) Medial and lateral prefrontal cortex exhibit a significantly greater volume of activation during 40 and/or 100 Hz stimulation than 10 Hz stimulation. Activity in the contralateral hemisphere is limited across all tested frequencies, although there is an increase from 10 to 100 Hz. (**H**) Activation of cingulate, motor, and somatosensory cortex is each greater during 40 and 100 Hz stimulations than 10 Hz stimulation. The contralateral motor and sensory cortices are also activated to a greater extent during 40 and/or 100 Hz stimulation. Scale bars in panels **A** through **C** represent 2 mm. Asterisks in panels **E** through **H** indicate significant differences for 10 versus 40 Hz and 10 versus 100 Hz stimulations. \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.001, one-sided Wilcoxon signed-rank tests, corrected for multiple comparisons. Error bars represent mean ± s.e.m. across animals. n = 16, 10, and 16 animals for 10, 40, and 100 Hz, respectively. Abbreviations are as follows: i- (ipsilateral), c- (contralateral), Cg (cingulate cortex), MC (motor cortex), MPFC (medial prefrontal cortex), LPFC (lateral prefrontal cortex), SC (sensory cortex), Str (striatum), Th (thalamus). See also [Figure 2---figure supplements 1/2/3](#fig2s1){ref-type="fig"} and [Figure 2---source data 1](#SD2-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.006](10.7554/eLife.09215.006)10.7554/eLife.09215.007Figure 2---source data 1.Animal-specific activation volumes for the twelve regions of interest shown in [Figure 2E--H](#fig2){ref-type="fig"}.Exact p values comparing the volume activated during 10 versus 40 Hz stimulation and 10 versus 100 Hz stimulation are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.007](10.7554/eLife.09215.007)10.7554/eLife.09215.008Figure 2---figure supplement 1.Representative fluorescence images of ChR2-EYFP at remote targets illustrate the massive projections to forebrain from transfected relay neurons in the right central thalamus.The bottom two rows provide magnified images of cortical and striatal regions used for quantitative ofMRI analysis. The top row provides the whole-brain slices from which these magnified images come. EYFP-expressing axonal projections are primarily localized to the ipsilateral hemisphere and to superficial layers in cortex.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.008](10.7554/eLife.09215.008)10.7554/eLife.09215.009Figure 2---figure supplement 2.Widespread and frequency-dependent recruitment of forebrain with optogenetics is distinct to stimulation of intralaminar nuclei of central thalamus.(**A**) Volumes of striatal and cortical activation (i.e. positive BOLD signals with coherence greater than 0.35) during 40 Hz stimulation of central thalamus, presented with activation volumes during stimulation of other thalamic nuclei. Central thalamus is the only target to result in significant recruitment of striatum and prefrontal and frontal cortical regions. (**B**) Comparison of frequency dependent effects of central thalamus stimulation with those of intermediate hippocampus (IH) stimulation. Unlike central thalamus stimulation, which recruits significantly more volume in striatum, motor cortex, and sensory cortex at 40 Hz than at 10 Hz (\*p \< 0.05, \*\*p\< 0.005, \*\*\*p \< 0.001; one-sided Wilcoxon signed-rank test), recruitment of these regions during hippocampal stimulation does not exhibit a significant dependence on frequency. Note that activation data was not available (N/A) at MPFC or LPFC for hippocampus stimulation due to differences in field of view. Abbreviations are as follows: i- (ipsilateral), c- (contralateral), MPFC (medial prefrontal cortex), LPFC (lateral prefrontal cortex).**DOI:** [http://dx.doi.org/10.7554/eLife.09215.009](10.7554/eLife.09215.009)10.7554/eLife.09215.010Figure 2---figure supplement 3.The frequency-dependent recruitment of forebrain by central thalamus and its control over cortical BOLD signal polarity are preserved when pulse width is held constant.(**A**) Representative coherence map of brain-wide activity during stimulation of excitatory central thalamus relay neurons at 10, 40, and 100 Hz using a constant pulse width of 3 ms. Warm colors indicate positive BOLD responses, while cool colors indicate negative BOLD responses (see 'Materials and methods'). (**B**) Quantification of positive BOLD responses in cortex and striatum (n = 3 animals). Gray lines indicate animal-specific results, normalized to 100 Hz stimulation. Black lines indicate the average across animals. All six regions exhibit an increase in recruitment with frequency, consistent with the study's main results when pulse width was varied to keep the duty cycle and total amount of light delivery constant. Regions of interest are the same as those used in [Figure 2](#fig2){ref-type="fig"}. (**C**) Hemodynamic response functions evoked in somatosensory cortex during 10, 40, and 100 Hz stimulation of central thalamus using a constant pulse width of 3 ms. Consistent with the study's main results, a negative BOLD signal is evoked at 10 Hz, while slow and fast positive BOLD responses are evoked at 40 and 100 Hz, respectively. Blood-oxygen-level-dependent.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.010](10.7554/eLife.09215.010)Video 1.Spatiotemporal dynamics of ofMRI activity during 10 Hz stimulation of excitatory relay neurons of the central thalamus.Highlighted voxels are restricted to those significantly synchronized to the block stimulation paradigm, as determined by frequency domain analysis. Color coding reflects the instantaneous relative percent modulation of each voxel's hemodynamic response function, thresholded over ± (0.2 to 1.5)%. Laser status indicates the 20 s period of stimulation (2--22 s). Abbreviations are as follows: SC (sensory cortex), Th (thalamus).**DOI:** [http://dx.doi.org/10.7554/eLife.09215.011](10.7554/eLife.09215.011)10.7554/eLife.09215.011Video 2.Spatiotemporal dynamics of ofMRI activity during 40 Hz stimulation of excitatory relay neurons of the central thalamus.Highlighted voxels are restricted to those significantly synchronized to the block stimulation paradigm, as determined by frequency domain analysis. Color coding reflects the instantaneous relative percent modulation of each voxel's hemodynamic response function, thresholded over ± (0.2 to 1.5)%. Laser status indicates the 20 s period of stimulation (2--22 s). Abbreviations are as follows: Cg (cingulate cortex), LPFC (lateral prefrontal cortex), MC (motor cortex), MPFC (medial prefrontal cortex), SC (sensory cortex), Str (striatum), Th (thalamus).**DOI:** [http://dx.doi.org/10.7554/eLife.09215.012](10.7554/eLife.09215.012)10.7554/eLife.09215.012Video 3.Spatiotemporal dynamics of ofMRI activity during 100 Hz stimulation of excitatory relay neurons of the central thalamus.Highlighted voxels are restricted to those significantly synchronized to the block stimulation paradigm, as determined by frequency domain analysis. Color coding reflects the instantaneous relative percent modulation of each voxel's hemodynamic response function, thresholded over ± (0.2 to 1.5)%. Laser status indicates the 20 s period of stimulation (2--22 s). Abbreviations are as follows: Cg (cingulate cortex), LPFC (lateral prefrontal cortex), MC (motor cortex), MPFC (medial prefrontal cortex), SC (sensory cortex), Str (striatum), Th (thalamus).**DOI:** [http://dx.doi.org/10.7554/eLife.09215.013](10.7554/eLife.09215.013)10.7554/eLife.09215.013

These results provide a direct, region-specific visualization of the widespread driving effect that central thalamus has been shown to exert over forebrain, and link prior anatomical and physiological studies on arousal regulation to spatially precise and quantitative measures of cortical and striatal activation. For example, the evoked responses are consistent with the unilateral nature of thalamocortical projections ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}), but reveal that the contralateral cortex can still be modulated by unilateral stimulation of central thalamus, particularly at high frequencies. Importantly, stimulation of other thalamic nuclei failed to evoke similarly widespread activity in the striatum and cortex ([Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}). Furthermore, large differences in forebrain activation between 10 and 40 Hz stimulations were not observed for other forms of subcortical stimulation ([Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}), suggesting this is a distinct property of central thalamus.

Throughout these experiments, a constant duty cycle of 30% was used to maintain the total amount of light delivery across frequencies and control for possible heating artifacts ([@bib17]). Because we wished to keep a 20 s pulse train for all stimulation frequencies and avoid possible differences introduced by neuronal adaptation, maintaining a constant duty cycle required unique pulse widths for each frequency (i.e. 30, 7.5, and 3 ms for 10, 40, and 100 Hz, respectively). To rule out the possibility that these changes in pulse width were the primary cause of the above differences in forebrain recruitment, we repeated stimulations while maintaining a 3 ms pulse width. Visualization and quantification of evoked fMRI responses show that the increase in cortical and striatal activation with frequency was preserved ([Figure 2---figure supplement 3A,B](#fig2s3){ref-type="fig"}). These data suggest that stimulation frequency was the primary factor in modulating forebrain fMRI activation.

Central thalamus stimulation frequency controls cortical excitation/inhibition balance {#s2-2}
--------------------------------------------------------------------------------------

We next examined the temporal dynamics of cortical responses evoked during low- and high-frequency central thalamus stimulation. Despite targeted activation of excitatory neurons, the somatosensory cortex exhibited a strong negative BOLD signal during 10 Hz stimulation, suggesting a suppression of baseline activity ([Figures 2A](#fig2){ref-type="fig"} and [3A,B](#fig3){ref-type="fig"}). In stark contrast, central thalamus stimulations at 40 and 100 Hz led to positive changes in the BOLD signal at the somatosensory cortex ([Figures 2B,C](#fig2){ref-type="fig"} and [3A,B](#fig3){ref-type="fig"}). Thus, stimulation of the same excitatory population at different frequencies resulted in completely opposite responses at a downstream target. Importantly, these responses were preserved when pulse width was held constant in control experiments, indicating that stimulation frequency was the primary factor controlling this effect ([Figure 2---figure supplement 3A,C](#fig2s3){ref-type="fig"}).10.7554/eLife.09215.014Figure 3.The sign of evoked cortical activity depends on the frequency of central thalamic stimulation.(**A,B**) 10 Hz stimulation of central thalamus evokes a strong negative BOLD signal throughout ipsilateral somatosensory cortex, while 40 and 100 Hz stimulations evoke positive responses. Time series come from the sensory cortex ROI defined in [Figure 2D](#fig2){ref-type="fig"}. Hemodynamic response function (HRF) shows the average response to a single 20 s period of stimulation, indicated by blue bar. Error bars represent mean ± s.e.m. across animals. n = 16, 10, and 16 for 10, 40, and 100 Hz, respectively. (**C**) Diagram of in vivo recordings at somatosensory cortex during stimulation of excitatory central thalamus relay neurons. Inset shows spike waveforms of a recorded neuron. (**D,E**) Representative peri-event time histogram of a recorded neuron, and corresponding quantification of firing rate during the 20 s periods before, during, and after stimulation. Neural firing rate decreased within the somatosensory cortex during 10 Hz central thalamus stimulation, but increased during 40 and 100 Hz stimulations (n = 17 trials each, \*p \< 0.05, \*\*\*p \< 0.001 pre vs. ON, two-tailed Wilcoxon signed-rank test; see [Table 1](#tbl1){ref-type="table"} for further analysis). Values are mean ± s.e.m. See also [Figure 2---figure supplement 3C](#fig2s3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.014](10.7554/eLife.09215.014)10.7554/eLife.09215.015Figure 3---figure supplement 1.Cortical spikes that occur during periods of inhibition driven by 10 Hz central thalamus stimulation exhibit a non-uniform distribution over time.(*Top figure*) Average peristimulus time histograms (PSTHs) of spike events in somatosensory cortex during 10 Hz central thalamus stimulation for six animals. Analysis was restricted to the 5 s time bin with the greatest number of neurons inhibited for each animal. PSTHs were calculated by aligning spike counts to the onset of individual 30 ms light pulses, summing over the 50 pulses delivered during the 5 s stimulation period, averaging across trials, and binning at 5 ms intervals for each inhibited neuron. Histograms were normalized by the corresponding spike count value during the 20 s pre-stimulation baseline period (represented by the dashed red line), and averaged across neurons for each animal. Blue rectangles represent the 30 ms light pulse. Note that spike events are reduced relative to baseline for the majority of the 100 ms inter-stimulus period, but spike events that do occur have a non-uniform distribution that peaks 6--34 ms after stimulus onset. These patterns suggest that some thalamic stimuli induce spike events in cortex, despite the net suppression of activity relative to pre-stimulation levels. Animals presented include two used for ChR2-electrophysiology experiments in [Table 1](#tbl1){ref-type="table"} and four used for combined ChR2-eNpHR electrophysiology experiments in [Figure 5](#fig5){ref-type="fig"}. (*Bottom table*) Summary of PSTH peak latencies and spike fidelity for inhibited neurons in somatosensory cortex. Peak latency was defined as the 5 ms bin with highest spike count for each neuron's PSTH. Spike fidelity represents the percentage of light pulses in the given 5 s bin of inhibition that evoke at least one spike during the 30 ms pulse. Values represent mean +/- s.t.e. across cells in the figure and table.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.015](10.7554/eLife.09215.015)

While previous studies have hinted at similar findings of frequency-dependent polarity changes ([@bib57]; [@bib105]), downstream positive and negative BOLD signals that result from selective stimulation of excitatory neurons at distinct frequencies have not yet been visualized and validated with electrophysiology. To define the neuronal underpinnings of these signals, we therefore performed single-unit extracellular recordings in the somatosensory cortex during central thalamus stimulation ([Figure 3C](#fig3){ref-type="fig"}). In agreement with the BOLD activity observed during ofMRI experiments, 10 Hz stimulation resulted in a decrease in neuronal firing rate between pre-stimulation and stimulation periods ([Figure 3D,E](#fig3){ref-type="fig"}; n = 10 of 11 recorded neurons). Conversely, stimulations at 40 and 100 Hz both led to increases in neuronal firing ([Figure 3D,E](#fig3){ref-type="fig"}; n = 11 of 11 recorded neurons). Because the evoked firing rates appeared to change over the course of stimulation, we specifically compared the pre-stimulation firing rate to the average firing rates during consecutive 5 s periods of the 20 s stimulus (i.e. 0--5 s, 5--10 s, 10--15 s, and 15--20 s; uncorrected p \< 0.05, Wilcoxon signed rank test; 17 trials for each neuron). Interestingly, the decrease in firing rate during 10 Hz stimulation occurred primarily over the interval from 5 to 15 s after stimulation began, while the increase in firing rate during 40 Hz stimulation occurred primarily over the first 10 s ([Table 1](#tbl1){ref-type="table"}). On the other hand, the increase in neuronal firing rate during 100 Hz stimulation was generally maintained throughout the 20 s stimulation period ([Table 1](#tbl1){ref-type="table"}). Such differences may reflect short-term plasticity of the thalamocortical pathway, which has previously been shown to exhibit frequency-dependent properties ([@bib13]; [@bib14]). Peri-stimulus time histograms also revealed that spike events occurring during inhibition had a non-uniform distribution over time, which peaked between 6 and 34 ms after light onset ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). These data suggest that the glutamatergic thalamocortical input at 10 Hz sometimes generated action potentials. Notably, however, not every light pulse resulted in an immediate action potential.10.7554/eLife.09215.016Table 1.Electrophysiology results from sensory cortex single-unit recordings. See also [Table 1---source data 1](#SD3-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.016](10.7554/eLife.09215.016)10.7554/eLife.09215.017Table 1---source data 1.Firing rates before, during, and after repeated 20 s stimulation periods for each of the 11 neurons recorded in somatosensory cortex.Exact p values comparing the somatosensory cortex firing rate before and during stimulation are provided. The 20 s stimulation period was divided into four consecutive 5 s blocks to evaluate the change in firing rate over time.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.017](10.7554/eLife.09215.017)Stimulation frequencyEffect on sensory cortex firing ratePercentage of neurons with significant change in firing rate (n = 11)0--5 s after stim. onset5--10 s after stim. onset10--15 s after stim. onset15--20 s after stim. onset10 HzIncrease0%0%0%0%Decrease0%91%82%9%40 HzIncrease100%91%36%55%Decrease0%0%0%0%100 HzIncrease100%82%82%82%Decrease0%0%0%0%

Together, these ofMRI and electrophysiological data indicate that neuronal activity throughout somatosensory cortex is suppressed at low frequencies of central thalamus stimulation and increased at high frequencies of stimulation. Because our stimulations were restricted to excitatory neurons with cell bodies located in central thalamus, the causal relationship between stimulation frequency and cortical excitation/inhibition can be attributed to the neurons' initial firing pattern. These results add to a growing body of literature in systems neuroscience suggesting that a neuronal population's firing pattern can have vastly different -- even opposite -- effects on downstream regions depending on its specific temporal code ([@bib21]; [@bib57]; [@bib61]; [@bib105]).

Low-frequency central thalamus stimulation drives incertal oscillations {#s2-3}
-----------------------------------------------------------------------

Given that stimulation was restricted to excitatory neurons, we hypothesized that the suppression of cortex during 10 Hz stimulation might be related to the frequency-dependent modulation of a GABAergic population. We chose to investigate the response properties of the ZI, which has been implicated in providing a powerful GABAergic modulation of 10 Hz spike-wave activity in spontaneous absence seizures in the rat ([@bib86]). Anatomically, ZI sends direct GABAergic projections to somatosensory thalamic nuclei and sensory cortex ([@bib71]; [@bib51]; [@bib7]). Functionally, ZI has also been shown to selectively gate sensory information processing in higher order thalamic nuclei through GABAergic inhibition ([@bib99]; [@bib52]; [@bib98]). To investigate the involvement of ZI, we performed single-unit and field potential electrophysiology recordings in this region during simultaneous optogenetic stimulation of central thalamus at 10 or 40 Hz ([Figure 4A](#fig4){ref-type="fig"}). EEG recordings were simultaneously collected in frontal cortex to directly evaluate the relationship between ZI activity and whole-brain arousal state, which is typically measured with forebrain EEG. The ZI was targeted using stereotactic localization and the well-defined somatotopic representation of this region ([@bib70]). The electrode was targeted to -3.96 mm AP, +2.2--2.6 mm ML, +6.7--7.2 mm DV from dura. The ZI was identified according to a compatible depth reading, spike latencies consistent with a polysynaptic response (on the order of 10 ms; [Figure 4B](#fig4){ref-type="fig"}), and a receptive field that responds to contralateral whisker stimulation, which ZI is known to possess ([@bib70]). The electrode was initially lowered through the dorsal part of the VP thalamus (approximately 1.5 mm above ZI), which also responds to whisker stimulation, until the recorded neurons did not respond to such a stimulus. The electrode was then lowered for another \~1.5 mm until the recorded neurons fired in response to whisker stimulation, indicating the ZI had been reached.10.7554/eLife.09215.018Figure 4.Frequency-dependent spindle-like oscillations are evoked in zona incerta (ZI).(**A**) Diagram of in vivo recordings at ZI and simultaneous EEG recordings in frontal cortex during optical stimulation of central thalamus in anesthetized animals. (**B**) Representative peri-event time histograms of spiking activity from recorded ZI neurons aligned to the onset of individual light pulses, summed over all pulses and trials. Peak spike latencies are approximately 10 and 8 ms for 10 Hz (left) and 40 Hz (right) stimulations, suggesting that recordings are performed at least one synapse away from the stimulated population in central thalamus. Schematics at top illustrate the 30% duty cycle pulse trains which lasted 20 s for each frequency. (**C**) Representative peri-event time histograms over the 20 s period of stimulation show increases in ZI firing during 10 and 40 Hz stimulations. Among the 28 isolated single-units in ZI (n = 2 animals), most exhibited a significant increase in firing rate during stimulation (n = 26 and 22 out of 28 neurons, respectively; p \< 0.05, one-tailed Wilcoxon signed-rank test with 20 trials for each cell). (**D**) Representative field potential recordings from the same channel and trial number during 10 Hz (top) and 40 Hz (bottom) stimulation of central thalamus. Four amplitude-modulated, spindle-like oscillations (SLOs) are evoked during 10 Hz stimulation (marked by black triangles), while none are evoked during 40 Hz stimulation. Inset shows a zoomed-in SLO. (**E**) The number of SLOs was greater during 10 Hz stimulation than 40 Hz stimulation across 11 of 12 available channels (n = 2 animals, 20 trials each, p \< 0.01, one-tailed Wilcoxon rank sum test). (**F**) When more than one SLO was evoked within the same 20 s period of 10 Hz stimulation, the distribution of inter-event intervals was centered at 6.6 ± 0.2 s (s.e.m.). (**G**) Representative EEG recordings collected in frontal cortex during central thalamus stimulation and simultaneous ZI recordings. 10 Hz stimulation evokes a spike-wave response, which is associated with loss of consciousness and perceptual awareness, while 40 Hz stimulation evokes a low voltage fast response indicative of arousal. (**H**) ChR2-positive processes were observed in ZI, providing a basis for its recruitment during stimulation of central thalamus. i.c.: internal capsule. See also [Figure 4---source data 1](#SD4-data){ref-type="supplementary-material"}, [2](#SD5-data){ref-type="supplementary-material"}. EEG: Electroencephalography. **DOI:** [http://dx.doi.org/10.7554/eLife.09215.018](10.7554/eLife.09215.018)10.7554/eLife.09215.019Figure 4---source data 1.Firing rates before, during, and after repeated 20 s central thalamus stimulation periods for each of the 28 neurons recorded in zona incerta.Exact p values comparing zona incerta firing rate before and during central thalamus stimulation are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.019](10.7554/eLife.09215.019)10.7554/eLife.09215.020Figure 4---source data 2.Quantification of spindle-like oscillation (SLO) occurrences in the zona incerta during 10 and 40 Hz stimulation of central thalamus.Exact p values comparing SLO counts during 10 versus 40 Hz stimulation are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.020](10.7554/eLife.09215.020)

Out of 28 isolated ZI neurons, the majority exhibited increases in their firing rate during central thalamus stimulation at both 10 and 40 Hz ([Figure 4C](#fig4){ref-type="fig"}; n = 26 and 22, respectively; p \< 0.05, Wilcoxon signed rank test between the 20 s pre-stimulation and stimulation periods, 20 trials for each neuron). However, a key difference was that large, amplitude-modulated spindle-like oscillations (SLOs) in the field potential occurred significantly more often during 10 Hz stimulation than 40 Hz stimulation ([Figure 4D,E](#fig4){ref-type="fig"}). These oscillations exhibited an inter-event interval centered around 6.6 ± 0.2 s (s.e.m.), similar to those observed in thalamus during sleep onset ([@bib18]) ([Figure 4F](#fig4){ref-type="fig"}). Consistent with this, simultaneous EEG recordings in frontal cortex revealed strong spike-wave modulation during 10 Hz stimulation and lower amplitude, fast oscillations during 40 Hz stimulation, which are associated with loss of consciousness and aroused brain states, respectively ([Figure 4G](#fig4){ref-type="fig"}). EYFP-expressing axons were also observed in ZI ([Figure 4H](#fig4){ref-type="fig"}), indicating that central thalamus relay neurons may have direct connections to ZI and providing a possible anatomical substrate for these responses.

Cortical inhibition driven by central thalamus stimulation depends on evoked incertal activity {#s2-4}
----------------------------------------------------------------------------------------------

The observation of spindle-like oscillations in ZI during 10, but not 40, Hz central thalamus stimulation indicates that this region can be uniquely engaged by central thalamus-driven networks. However, it remains unknown whether the evoked activity in ZI plays a causal role in driving the frequency-dependent inhibition of somatosensory cortex. To address this question, we injected the inhibitory opsin halorhodopsin (eNpHR) fused to the mCherry fluorescent marker and controlled by the pan-neuronal hSyn promoter into ZI of four animals expressing ChR2-EYFP in central thalamus ([Figure 5A,B](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Two new stimulation paradigms were explored: (1) 20 or 30 s continuous eNpHR activation, and (2) 20 s, 10 Hz central thalamus stimulation performed within a 30 s period of continuous eNpHR activation. Single-unit recordings were performed simultaneously at the ZI and sensory cortex during concurrent activation of these two opsins ([Figure 5C](#fig5){ref-type="fig"}).10.7554/eLife.09215.021Figure 5.Cortical inhibition driven by 10 Hz central thalamus stimulation depends on normal incertal processing.(**A**) Wide-field fluorescence image shows robust eNpHR-mCherry expression spatially localized to the right zona incerta. Scale bar, 1 mm. (**B**) Confocal images show eNpHR-mCherry localized to somatic membrane of neurons in zona incerta. Scale bar, 10 µm. Two hundred and nine out of 882 DAPI-stained cells co-expressed mCherry in ZI (24%, n = 2 animals). (**C**) Schematic of cortical electrophysiology recordings during 10 Hz stimulation of central thalamus and continuous (cont.) inhibition of zona incerta using ChR2 and eNpHR, respectively. (**D**) Peri-event time histogram of a representative neuron in zona incerta whose firing rate is suppressed during activation of eNpHR with 593 nm light. (**E**) Peri-event time histogram of a representative neuron in zona incerta whose firing rate remains suppressed throughout the period of 10 Hz central thalamus stimulation during eNpHR activation (compare to [Figure 4C](#fig4){ref-type="fig"}). (**F**) Activation of eNpHR in zona incerta significantly reduces the change in incertal firing rate evoked by 10 Hz central thalamus stimulation in 60 of 70 neurons (p \< 0.05, one-sided Wilcoxon rank sum test). Changes in firing rate are normalized to pre-stimulation levels. (**G**) Peri-event time histograms from a representative cortical neuron show that the inhibitory response evoked by 10 Hz central thalamus stimulation is reversed by simultaneously suppressing activity in zona incerta. Firing rates are normalized to the average pre-stimulation values. (**H**) Quantification of evoked changes in cortical firing rate during 10 Hz central thalamus stimulation with and without concurrent eNpHR activation. 50 out of 76 cells exhibit reduced inhibition when central thalamus stimulation is paired with eNpHR activation (p \< 0.05, Wilcoxon rank sum test over 1 s bins). Changes in firing rate are normalized to pre-stimulation levels. (**I**) Confocal images show mCherry-positive axonal projections from zona incerta in somatosensory cortex. Scale bar, 20 µm. See also [Figure 5---source data 1](#SD6-data){ref-type="supplementary-material"},[2](#SD7-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.021](10.7554/eLife.09215.021)10.7554/eLife.09215.022Figure 5---source data 1.Evoked changes in incertal firing rate during 10 Hz central thalamus stimulation with and without concurrent eNpHR activation.Changes are normalized to pre-stimulation baseline levels. Exact p values are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.022](10.7554/eLife.09215.022)10.7554/eLife.09215.023Figure 5---source data 2.Evoked changes in cortical firing rate during 10 Hz central thalamus stimulation with and without concurrent eNpHR activation in zona incerta.Values represent the 1 s bin that exhibited the greatest number of cells with reduced inhibition for each animal. Changes are normalized to pre-stimulation baseline levels. Exact p values are provided.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.023](10.7554/eLife.09215.023)10.7554/eLife.09215.024Figure 5---figure supplement 1.Wide-field fluorescence image of eNpHR expression in zona incerta, overlaid with the estimated cone of activated eNpHR (i.e. inhibited neurons) shown to scale.Penetration depth and volume were calculated to be 0.64 mm and 0.024 mm^3^, respectively, using the methods described in ([@bib4]) and a threshold light intensity of 5 mW/mm^2^ ([@bib62]). The optical fiber had a diameter of 105 μm, NA of 0.22, and half-angle of divergence of 9.3°. Penetration depth and activation volume correspond to an optical power of 3 mW exiting the fiber optic's tip. Stimulation coordinate corresponds to -3.96 mm AP, +2.4 mm ML, and -6.7 mm DV. The thalamic reticular nucleus, another region of dense GABAergic neurons, is shown for reference.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.024](10.7554/eLife.09215.024)

Among the 70 neurons recorded in ZI, delivery of 593 nm light resulted in a decrease in firing for 62 cells (p \< 0.05, Wilcoxon signed rank test between 20 s pre-stimulation period and 20 or 30 s stimulation period, 15--20 trials for each neuron), indicating that illumination of halorhodopsin was successful in suppressing incertal activity. The evoked decrease in neuronal firing rate typically lasted throughout the duration of 593 nm light delivery ([Figure 5D](#fig5){ref-type="fig"}). When halorhodopsin activation in ZI was paired with 10 Hz stimulation of central thalamus, the previously described increase in incertal firing ([Figure 4C](#fig4){ref-type="fig"}) was disrupted. In 60 out of 70 neurons, the difference in incertal firing rate between the 20 s 10 Hz central thalamus stimulation period and the pre-stimulation period was significantly reduced with concurrent eNpHR activation ([Figure 5F](#fig5){ref-type="fig"}; p \< 0.05, one-sided Wilcoxon rank sum test, n = 10--20 trials). [Figure 5E](#fig5){ref-type="fig"} illustrates the suppression of ZI activity throughout the 20 s period of 10 Hz central thalamus stimulation in a representative neuron. These data indicate that activation of halorhodopsin significantly suppressed the incertal firing evoked by 10 Hz central thalamus stimulation, and successfully disrupted incertal processing.

To determine whether this suppression of ZI affected the cortical activity driven by central thalamus stimulation, we quantified the changes in somatosensory cortex firing rate evoked by ChR2 activation with and without illumination of eNpHR. Seventy-six somatosensory cortex neurons were recorded, and the 20 s period of central thalamus stimulation was divided into four 5 s bins as before. Consistent with the data presented in [Figure 3](#fig3){ref-type="fig"}, 68 cells (89%) exhibited a decrease in firing during 10 Hz stimulation of central thalamus (uncorrected p \< 0.05, Wilcoxon signed rank test; 10--15 trials for each neuron). Strikingly, however, suppression of ZI activity with eNpHR reversed this effect. Across animals, 50 out of 76 neurons (66%) exhibited reduced inhibition when central thalamus stimulation was paired with eNpHR activation ([Figure 5H](#fig5){ref-type="fig"}; p \< 0.05, Wilcoxon rank sum test over 1 s bins; 10--20 trials for each neuron). Indeed, a fraction of cells switched from inhibitory responses to excitatory ones. [Figure 5G](#fig5){ref-type="fig"} illustrates the firing patterns of one cell that exhibited an inhibitory response during 10 Hz central thalamus stimulation that was eliminated when ZI was simultaneously suppressed with eNpHR. Collectively, these data suggest that incertal activity during 10 Hz central thalamus stimulation has a net inhibitory effect on somatosensory cortex. In support of this influence being through direct anatomical connections, mCherry-positive axons were observed in the sensory cortex ([Figure 5I](#fig5){ref-type="fig"}), consistent with previous reports of incerto-cortical projections ([@bib55]). These findings present a conceptually novel role of ZI in central thalamus arousal circuits.

Central thalamus stimulation modulates brain state in a frequency-dependent manner {#s2-5}
----------------------------------------------------------------------------------

Finally, to relate these findings more directly to behavior associated with central thalamus arousal circuits and previous electrical stimulation studies, we performed 10, 40, and 100 Hz stimulations in asleep, unanaesthetized animals with simultaneous video and EEG recordings (see 'Materials and methods'). Control (pre-stimulus) activity was consistent across frequencies of stimulation, as quantified with EEG band power in delta, theta, alpha, and beta bands ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). During 10 Hz stimulation, the majority of animals exhibited behavior indicative of an absence seizure, including freezing and behavioral arrest throughout stimulation followed by a return to sleep ([Figure 6A](#fig6){ref-type="fig"}; n = 4/7). In addition, the most common EEG response was a transition to slow spike-wave discharges ([Figure 6B,C](#fig6){ref-type="fig"}; n = 5/7), which are typically associated with loss of consciousness ([@bib65]). In stark contrast, stimulations at 40 and 100 Hz resulted in behavioral transitions to an awake state, reflected by exploration and goal-directed movement ([Figure 6A](#fig6){ref-type="fig"}; *n* = 4/7 and 4/6, respectively). Similarly, the most common EEG pattern evoked by these high-frequency stimulations was a low voltage fast response ([Figure 6B](#fig6){ref-type="fig"}; n = 3/7 and 6/6, respectively), indicative of cortical activation and desynchronization. Collectively, these phenomena are consistent with the patterns of cortical and striatal recruitment observed with ofMRI. Moreover, the slow spike-wave and low voltage fast EEG responses evoked during behavioral experiments ([Figure 6C,D](#fig6){ref-type="fig"}) match those recorded under anesthetized conditions ([Figure 4G](#fig4){ref-type="fig"}), further linking the network activation patterns revealed by ofMRI to the arousal responses reported here, as well as those reported in early stimulation studies (e.g. \[[@bib43]\]).10.7554/eLife.09215.025Figure 6.Optogenetic stimulation of central thalamus in asleep animals modulates brain state in a frequency-dependent manner.(**A**) Low-frequency stimulation (10 Hz) in a majority of animals (n = 4/7) evokes behavioral absence seizures, while high-frequency stimulations (40 and 100 Hz) cause a majority of animals to awaken (n = 4/7 and 4/6, respectively). Dashed boxes indicate the most common response for each frequency, with arrows indicating the corresponding transition from sleep. (**B**) Low-frequency stimulation typically evokes spike-wave responses in EEG (n = 5/7), consistent with the behavioral reading of absence seizures. The most frequent EEG response during high-frequency stimulations is low voltage fast (n = 3/7 and 6/6), indicative of arousal. N, normal. SW, spike-wave. lvf, low voltage fast. s, spiking. e, evolving seizure. (**C,D**) Representative traces of EEG responses classified as spike-wave and low voltage fast. Insets show 4 s magnification. Importantly, these EEG patterns match those recorded under anesthetized conditions ([Figure 4G](#fig4){ref-type="fig"}), further linking the responses visualized with ofMRI to the reported behavioral responses. See also [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}. EEG: Electroencephalography.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.025](10.7554/eLife.09215.025)10.7554/eLife.09215.026Figure 6---figure supplement 1.Pre-stimulus activity is consistent across frequencies of stimulation in asleep rats, as quantified with EEG bandpower in delta, theta, alpha, and beta bands. EEG: Electroencephalography.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.026](10.7554/eLife.09215.026)

Discussion {#s3}
==========

Previously proposed mechanisms of arousal regulation have focused on the physiological and anatomical specialization of neurons within central thalamus ([@bib80]). Here, using a combination of ofMRI and electrophysiological recordings, we directly visualize whole-brain network activations produced by selective stimulation of central thalamus relay neurons and reveal novel insight into frequency-dependent gating of forebrain arousal.

Since the earliest observations that electrical stimulation of central thalamus exerts frequency-dependent effects on behavior and EEG rhythms ([@bib68]; [@bib43]), behavioral arousal and cognition have been tightly linked with cortical activation (i.e. low-amplitude, high-frequency oscillations), while behavioral arrest has been linked with cortical deactivation (i.e. high-amplitude, low-frequency oscillations). More recently, it has also been shown that pharmacologically-induced changes in thalamic firing levels can switch cortical dynamics between activation and deactivation ([@bib39]). However, no studies have characterized the specific changes in activity that simultaneously occur across the whole intact brain during these events to explain how the same neuronal population can selectively switch arousal state. Here, we show that distinct firing patterns of excitatory neurons in the central thalamus drive these opposing EEG rhythms, lead to dramatic differences in the spatial extent of forebrain recruitment, and switch the region's downstream influence on cortex from excitation to inhibition. Notably, high-frequency EEG patterns evoked during 40 and 100 Hz stimulation associate with robust activation of frontal cortex, motor cortex, somatosensory cortex, and striatum -- regions that receive widespread glutamatergic projections from intralaminar nuclei ([@bib47]; [@bib10]; [@bib35] [@bib92]; [@bib40]; [@bib42]). On the other hand, slow-wave oscillations evoked during 10 Hz stimulation are associated with limited forebrain activation and strong inhibition of somatosensory cortex. The frequency-dependent generation of spindle-like oscillations, which are known to underlie brain synchronization at the onset of sleep ([@bib96]), suggest that these differences may in part be due to the engagement of thalamocortical networks responsible for sleep and loss of perceptual awareness during 10 Hz stimulation. In the context of our findings, it is also noteworthy that for some rat strains with absence seizures, a specific 10 Hz generator in somatosensory cortex has been independently proposed ([@bib102]).

The broadly contrasting cortical responses between low and high frequencies of central thalamus stimulation imply the frequency-dependent activation of a GABAergic population. In this study, we investigated the behavior of ZI -- a region rich in GABAergic neurons that also sends direct inhibitory projections to sensory thalamus and sensory cortex ([@bib55]; [@bib9]; [@bib71]; [@bib51]; [@bib7]). We found that spindle-like oscillations were uniquely evoked when central thalamus was stimulated at 10 Hz and somatosensory cortex was inhibited. Stimulation at this frequency in asleep rats also evoked absence seizure-like freezing and spike-waves in a majority of animals, a cortical pattern known to be modulated by ZI projections ([@bib86]). Importantly, suppressing the incertal activity evoked by 10 Hz central thalamus stimulation with halorhodopsin reduced the cortical inhibition ([Figure 5H](#fig5){ref-type="fig"}), suggesting a key role for ZI in modulating this response. Indeed, it has been previously suggested that rhythmic incertal activity contributes to membrane hyperpolarizations and sustained high-voltage cortical rhythms through GABAergic incertofugal pathways ([@bib86]). Our data support this hypothesis, and link such a pathway to whole-brain, directly visualized fMRI activity patterns.

Given the presence of GABAergic projections from ZI to central thalamus ([@bib7]), activity in ZI may also act to limit forebrain activation, as observed with ofMRI during 10 Hz stimulation, through incertal-thalamic feedback. This incerto-thalamic pathway would parallel the previously reported gating of ascending sensory information at the level of thalamus by ZI ([@bib99]; [@bib52]). The hypothesized feedforward and feedback inhibition via ZI both suggest a direct projection from central thalamus to ZI, which our fluorescence imaging data support ([Figure 4H](#fig4){ref-type="fig"}). However, we note that previous tracing studies failed to identify thalamic input specifically from intralaminar nuclei to ZI ([@bib85]). In summary, our findings provide the first demonstration that arousal regulation driven by central thalamus has a causal and frequency-dependent influence on ZI, and that suppressing the recruitment of ZI modulates the brain-wide dynamics driven by central thalamus stimulation. Specifically, our results suggest that the frequency-dependent depression of cortical activity is in part mediated by extrinsic inhibitory signals originating from ZI.

An additional mechanism that could contribute to the evoked suppression of cortex is feedforward thalamocortical inhibition -- the process by which relay neurons drive inhibitory post-synaptic potentials (IPSPs) in pyramidal cells via fast spiking cortical interneurons ([@bib1]; [@bib76]; [@bib20]). Low-frequency (10 Hz) stimulations of certain thalamic nuclei in vivo yield strong hyperpolarization of cortical neurons putatively via this process ([@bib13]; [@bib15]). It is also interesting to note that the 'recruiting response', characterized by an enhanced cortical response during low frequency electrical stimulation of intralaminar nuclei ([@bib67]), is hypothesized to originate from this inhibition ([@bib16]). Our observation that individual stimuli sometimes trigger spikes in cortex ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) is consistent with the possibility that these phenomena occur during the delivered 10 Hz optogenetic stimuli. However, intracellular and laminar recordings are needed to more conclusively resolve this issue. More recently, a study utilizing optogenetic targeting showed that non-specific 'matrix' thalamocortical neurons preferentially drive inhibitory interneurons in cortical layer I ([@bib19]). Moreover, they found that IPSPs generated by stimulation of matrix neurons (which constitute the nuclei targeted here \[[@bib48]\]) remain sustained during repeated stimuli compared to those evoked by stimulation of non-matrix neurons. Given the above findings, it is possible that interneuron-mediated thalamocortical inhibition, in addition to the demonstrated role of ZI, may contribute to the observed cortical responses. However, to the best of our knowledge, there have been no in vivo studies demonstrating that cortical interneuron-to-pyramidal cell inhibition is stronger at low frequencies of intralaminar thalamic stimulation compared to high frequencies.

In addition to providing novel insight into the mechanisms of arousal regulation by central thalamus, our study offers important insight into the cellular origins of the fMRI BOLD signal. While there is a growing body of evidence suggesting that negative BOLD signals reflect local decreases in neuronal activity ([@bib89]; [@bib72]; [@bib3]; [@bib24]; [@bib94]), the nature of this signal remains a subject of debate and holds significant potential for the interpretation of functional imaging studies ([@bib83]; [@bib26]). It has been shown that different sensory stimuli can evoke positive and negative BOLD signals in the same cortical area, which are linked to increases and decreases in neural activity, respectively ([@bib89]). Building upon these studies, we found that direct stimulation of central thalamus excitatory neurons at different frequencies leads to activation or suppression of neuronal activity in a downstream cortical location, which is coupled with positive and negative BOLD signals, respectively ([Figure 3](#fig3){ref-type="fig"}). These findings strongly support the hypothesis that a major component of the negative BOLD signal derives from decreases in neuronal activity and are consistent with previous reports of tight neural-hemodynamic coupling in the somatosensory cortex ([@bib44]).

Our results are also consistent with a previous study by Logothetis et al., which showed that low frequencies (\<50 Hz) of electrical microstimulation in the thalamic lateral geniculate nucleus evoke negative BOLD responses in the monosynaptically connected V1 cortex, while higher frequencies (100--200 Hz) evoke positive BOLD responses in the same region ([@bib57]). We observed similar results in the somatosensory cortex, which is monosynaptically connected to the stimulated intralaminar nuclei ([@bib101]) ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). The study by Logothetis et al. also found that cortical regions which are polysynaptically connected to the lateral geniculate nucleus, such as V2, even exhibit negative BOLD responses at high frequencies of stimulation (\>60 Hz). It was proposed that these polysynaptic deactivations result from frequency-dependent disynaptic inhibition, the process by which pyramidal cells in cortex inhibit local and remote pyramidal cells via GABAergic interneurons. Unlike the study by Logothetis et al., we did not observe significant negative BOLD signals in either mono- or polysynaptically connected regions of cortex during high frequencies of stimulation. Furthermore, given the bias of corticocortical disynaptic inhibition toward higher frequencies ([@bib90]), this microcircuit is unlikely to be driving the observed suppression of cortex during 10 Hz central thalamus stimulation.

In the context of electrical stimulation, our study helps dissociate the confounding effects of (a) delivering stimulation at a certain frequency (which can preferentially recruit certain neuronal elements ([@bib64])) and (b) the excited neuronal population firing at a specific frequency. With electrical stimulation, it has been impossible to dissociate these two effects in vivo, since the frequency of stimulation and preferential recruitment of specific neuronal populations could not be decoupled ([@bib64]). This made it difficult to explain, for example, the relationship between stimulation parameters and the therapeutic efficacy of DBS. Using targeted, temporally precise, optogenetic stimulation in the current study allowed us to selectively excite a single group of neuronal elements and identify their specific role in creating distinct modes of network function. The use of electrical stimulation instead would have prevented us from gaining this unique insight into the specific role of excitatory central thalamus neurons and their spiking frequency.

Finally, in the context of central thalamus DBS, our study offers important insight into the identification of proper stimulation targets and parameters that are needed before the therapeutic application of central thalamus stimulation can reach its full clinical potential. In particular, the images from ofMRI experiments ([Figure 2](#fig2){ref-type="fig"} and [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}) reveal dramatic differences in global brain dynamics that can result from controlling one parameter of stimulation (i.e. frequency). Furthermore, the widespread activation of cortex and striatum observed at high frequencies of stimulation adds to a growing body of evidence that the central thalamus is a highly appropriate target for the remediation of acquired cognitive disabilities via forebrain recruitment. In a more general context that extends beyond stimulation of central thalamus, the ofMRI techniques we employ here are generalizable and can be universally applied to study the mechanisms underlying DBS for other target regions and disorders. With this knowledge, stimulation paradigms can be optimized to accelerate clinical translation for a wide range of neurological disorders that currently lack such treatment, paving the way for the development of next-generation DBS therapies.

Materials and methods {#s4}
=====================

Animals {#s4-1}
-------

Female Sprague-Dawley rats (\>11 weeks old, 250-350 g) were used as subjects for all thalamic injections. Animals were individually housed under a 12 hr light--dark cycle and provided with food and water *ad libitum*. Animal husbandry and experimental manipulation were in strict accordance with National Institute of Health, UCLA Institutional Animal Care and Use Committee (IACUC), and Stanford University IACUC guidelines.

Viral injections and fiber placement {#s4-2}
------------------------------------

pAAV5-CaMKIIa-hChR2(H134R)-EYFP-WPRE plasmid was obtained from the Deisseroth lab at Stanford University. Concentrated virus was produced at the vector core of the University of North Carolina at Chapel Hill. Rats were anesthetized with isoflurane (induction 5%, maintenance 2--3%; Sigma-Aldrich, St. Louis, MO) and secured in a stereotactic frame. Standard procedures for sterile surgery were followed. Buprenorphine was administered to minimize pain. Artificial tears were applied to the eyes. The head was shaved, and 70% ethanol and betadine were applied to the bare scalp following a midline incision. A small craniotomy was performed with a dental drill above the targeted coordinate. Two microliters of virus were injected through a 34-gauge needle (World Precision Instruments Inc., Sarasota, FL) at 150 nl/min with a micro-syringe pump controller at the desired coordinates in central thalamus or other subcortical targets for control experiments: **I**) CL and PC nuclei of central thalamus (-3.2 mm AP, +1.5 mm ML, -5.6 mm DV; n = 47 animals for imaging); **II**) ventral posteromedial nucleus (-2.5 mm AP, +2.6 mm ML, -6.0 mm DV); **III**) anterior thalamic nuclei (-3.1 mm AP, +1.8 mm ML, -5.3 mm DV); **IV**) posterior thalamic nuclei (-4.6 mm AP, +1.8 mm ML, -5.0 mm DV); **V**) intermediate hippocampus (-5.8 mm AP, +5.2 mm ML, -3.4 mm DV, n = 8 animals). All injections were made in the right hemisphere. The syringe needle was left in place for an additional 10 min before being slowly withdrawn. Custom-designed guide cannulas (Plastics One) or fiber-optic cannulas (Doric Lenses Inc.) were mounted on the skull and secured using metabond (Parkell). Incisions were sutured, and animals were kept on a heating pad until recovery from anesthesia. Buprenorphine was injected subcutaneously twice daily for 48 hr post-operatively to minimize discomfort. The original cohort of 47 central thalamus animals was further refined to a group of 18 after screening for implant locations less than 0.85 mm away from the target coordinate (estimated with T2 MRI scans; [Figure 1B](#fig1){ref-type="fig"}). Two additional animals were excluded due to lack of thalamic activation, leaving 16 animals for analysis.

In a second cohort of rats, concentrated AAV5-hSyn-eNpHR3.0-mCherry virus produced at the University of North Carolina at Chapel Hill vector core was injected into the right ZI (-3.96 mm AP, +2.8 mm ML, +7.4 mm DV, n = 4 animals) after completion of the ChR2 injection into the central thalamus as described above. Both injections were performed during the same surgery. 0.5 μl of eNpHR virus were injected through a 34-gauge needle at 100 nl/min. Following the injection, the syringe needle was left in place for approximately 10 min before being slowly withdrawn. Recovery details were the same as those described above.

ofMRI data acquisition {#s4-3}
----------------------

fMRI scanning was performed using a 7T Bruker Biospec small animal MRI system at UCLA. Animals were initially anesthetized with 5% isoflurane and intubated before placement onto custom-made MRI-compatible cradles with ear and tooth securement. A 39 mm outer diameter, 25 mm inner diameter custom-designed transmit/receive single-loop surface coil was centered over the region of interest on the skull to maximize signal-to-noise ratio. An optical fiber of 62.5 μm core diameter was connected to a 473 nm laser source (Laserglow Technologies, Toronto, Canada) and coupled with the implanted fiber-optic cannula. A single ofMRI scan consisted of a block design with six 20 s pulse trains of light (10, 40, or 100 Hz in randomized order) delivered once per minute over 6 min. Five to six consecutive scans were collected during each session. For all experiments, the optical fiber output power was calibrated to 2.5 mW. A duty cycle of 30% was used across frequencies to maintain the total amount of light delivery, resulting in unique pulse widths of 30, 7.5, and 3 ms for 10, 40, and 100 Hz, respectively. In a series of control experiments using a second cohort of animals with validated probe locations (n = 3), the duty cycle was varied while the pulse width was held constant at 3 ms ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}).

During fMRI scanning, animals were placed into the iso-center of the magnet while artificially ventilated (45\~60 strokes/min) under light anesthesia using a ventilator and calibrated vaporizer with a mixture of O~2~ (35% ), N~2~O (63.5%), and isoflurane (1.3--1.5% ). To ensure stable BOLD signals, expiratory CO~2~ was kept at 3--4% and body temperature was maintained at 36.5--37.5°C using heated airflow. T2-weighted high-resolution anatomical images were acquired with a fast spin echo sequence prior to fMRI scanning to check for brain damage and validate the optical fiber's location (137 µm resolution in-plane resolution with 35×35 mm^2^ FOV, 0.5 mm slice thickness, 32 coronal slices). Gradient recalled echo (GRE) BOLD methods were used to acquire fMRI images during photostimulation. The fMRI image acquisition was designed to have 35×35 mm^2^ in-plane field of view (FOV) and 0.5×0.5×0.5 mm^3^ spatial resolution with a sliding window reconstruction to update the image every repetition time (TR) ([@bib29]). The two-dimensional, multi-slice gradient-echo sequence used a four-interleave spiral readout ([@bib33]; [@bib49]), 30° flip angle, 750 ms TR, and 12 ms echo time, resulting in 23 coronal slices (128 × 128 matrix size). The spiral k-space samples were reconstructed through a two-dimensional gridding reconstruction method ([@bib45]). Finally, real-time motion correction was performed using a previously described GPU-based system ([@bib29]). Scans with significant motion, identified by careful visual inspection for spiral artifacts and activations at the boundary of the brain, which indicates large motion, were excluded from analysis. This condition for exclusion was established prior to data collection.

fMRI data analysis {#s4-4}
------------------

All fMRI data processing was performed using the Matlab software environment (MathWorks, Inc., Natick, MA) and mrVista (Stanford Vision and Imaging Science and Technology Laboratory, Stanford, CA; <http://web.stanford.edu/group/vista/cgi-bin/wiki/index.php/MrVista>). Motion-corrected images belonging to consecutive scans of the same stimulation paradigm and scanning session were first averaged together. The average 4D images were then aligned to a common coordinate frame, using a six degree-of-freedom rigid body transformation. If multiple scanning sessions were performed on the same animal at the same frequency (typically 1, at most 4), the resulting images from each session were first averaged together before any inter-subject analysis to achieve maximum signal-to-noise ratio while weighting the images from all animal subjects equally.

Time series were calculated for each voxel in these individual-animal images as the percent modulation of the BOLD signal relative to a 30 s baseline period collected prior to stimulation. Boxcar detrending with a window size of 1 min was also performed to correct for possible scanner drift. Next, a coherence value was calculated for each voxel's time series as the magnitude of its Fourier transform at the frequency of repeated stimulation blocks (i.e. 1/60 Hz) divided by the sum-of-squares of all frequency components ([@bib28]). Voxels with a coherence value greater than 0.35 were considered to be significantly synchronized to stimulation. Assuming Gaussian noise and \~470 degrees of freedom (computed using the SPM software environment), the Bonferroni-corrected p value for this threshold can be estimated to be less than 10^--9 ^([@bib6]). Activation volume ([Figure 2](#fig2){ref-type="fig"}) was defined as the number of significant voxels that exhibited a positive response within a predefined region of interest, multiplied by the volume per voxel. Positive responses were identified as those having a phase in the interval \[0, π/2\] ∪ \[3π/2, 2π\]. Phase represents the temporal shift of the response when it is modeled as a sinusoid and was calculated as the argument of each voxel's Fourier transform at the frequency of repeated stimulation blocks (i.e. 1/60 Hz).

Hemodynamic response functions (HRFs) were calculated as the average 60 s response of a voxel's six-cycle, 6-min time series. Time series and HRFs displayed for figures were generated by averaging the mean time series or mean HRF of voxels with a coherence value greater than 0.35 in the corresponding ROI across animals. For [Videos 1](#media1){ref-type="other"}--[3](#media3){ref-type="other"}, the first data point's value was subtracted from each voxel's HRF to define its relative percent modulation from the onset of stimulation.

To generate average activation maps ([Figure 2](#fig2){ref-type="fig"}), the 4D fMRI images from experiments at the same stimulation location and frequency were normalized and averaged together across animals. The averaged images were then processed according to the above Fourier domain analyses. Coherence values were overlaid onto all voxels having a coherence above the 0.35 threshold. Warm and cool colormaps generated using Matlab's 'hot' and 'winter' functions were used for positive and negative responses, respectively, to illustrate the localization of negative BOLD to the somatosensory cortex. These activation maps were overlaid onto corresponding T2-weighted anatomical images with a digital standard rat brain atlas ([@bib73]). The same atlas was used to segment ROIs. An identical analysis pipeline was used for activation maps in [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"} with a representative animal.

EEG electrode implantation {#s4-5}
--------------------------

EEG electrodes were implanted upon completion of ofMRI experiments in a subset of animals. Surgical preparation and recovery details were the same as those used for virus injection. Stainless steel screws (0--80, 1.5 mm diameter, Plastics One) attached to 2 cm of insulated wire (30 gauge, R30Y0100, Wire Wrapping Wire, O.K. Industries) were used as EEG electrodes and secured on the skull using dental cement. The recording electrode was placed approximately 2 mm anterior of bregma and 2 mm to the right of midline. The reference electrode was located approximately 5 mm anterior of bregma and 3 mm to the left of midline ([@bib41]).

Video-EEG acquisition and analysis {#s4-6}
----------------------------------

Prior to video-EEG recording, animals were anesthetized under 5% isoflurane for approximately 5 min for optical fiber coupling and EEG wire connection. Animals were then transferred to a light- and sound-controlled experimental chamber where they were allowed to move freely. Behavioral experiments began after animals recovered from anesthesia and subsequently fell asleep for 15 min (as indicated by lack of motion and real-time EEG output readings). For each experiment, the animal was video-recorded during 5 min of sleep, followed by 20 s of optical stimulation (10, 40, or 100 Hz, 473 nm laser, 2.5 mW laser power, 30% duty cycle), and then an additional 5 min post-stimulation period. EEG data was acquired throughout the experiment at 1 kHz with an MP150 data acquisition unit and EEG100C amplifier (Biopac Systems Inc., Santa Barbara, CA), using EL254S Ag-AgCl electrodes and Gel102 conductive EEG paste. A digital camera was used to video-record the experiment. All behavioral experiments were performed during the animals' light cycle.

EEG recordings were classified using the Biopac Acqknowledge software by an experienced electroencephalographer blind to treatment into a single best category: normal, low voltage fast, spikes, spike-waves, or evolving electrographic seizure. Video clips paired to each EEG recording were classified into one of the following categories to further assess the animal's brain state: sleep (i.e. no change), awakening (animal is alert and exploring), absence seizure (animal is immobile and appears frozen for the duration of stimulation, but returns to a sleeping state once stimulation ends), or convulsive seizure. All observed behavioral responses could be classified into one of these categories. Band power in [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} was quantified using Matlab's 'bandpower' function and normalized by the signal's total power from 0 Hz to one half the sampling rate (500 Hz).

In vivo electrophysiology {#s4-7}
-------------------------

Upon completion of ofMRI and EEG behavioral experiments, in vivo electrophysiology experiments were performed in a subset of animals. Animals were anesthetized with 5% isoflurane for induction and maintained at 2--3% until any craniotomies were complete. Isoflurane was kept at 0.8--1.2% during the recording session, and artificial tears were applied to the eyes. Recordings in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} were performed under ventilation conditions identical to fMRI experiments. After securing the animal within a stereotactic frame, small craniotomies were performed using a dental drill above the region of interest. For stimulation, the cannula implanted at central thalamus was connected to a 473 nm laser source (Laserglow Technologies) with an output power level of 2.5 mW via an optical fiber. The cannula implanted at ZI was connected to a 593 nm laser source (Laserglow Technologies) calibrated to 2.5--3.0 mW. An acute 16-channel microelectrode array was targeted to the recording site using stereotactic instruments (NeuroNexus Technologies; A1x16 standard model linear electrode array for local and cortical recordings; V1-16-Poly2 polytrode array for ZI recordings; 0.35 ± 0.5 MOhm impedance). A stainless steel reference screw was placed above the cerebellum. Continuous field potential and single unit spiking events were recorded using the Plexon omniplex system with plexcontrol software (Plexon Inc., TX). When only ChR2 was activated, recordings were performed for 20 s without stimulation, followed by repeated stimulation cycles (20 s on, 40 s off) at 10, 40, or 100 Hz with 30% duty cycle. When ChR2 and eNpHR were activated together, the same stimulation paradigm was followed, except that a 30 s period of continuous 593 nm light delivery began 5 s before the onset of ChR2 excitation. When only eNpHR was activated ([Figure 5D](#fig5){ref-type="fig"}), a 20 or 30 s period of continuous 593 nm light delivery was used, with 40 or 30 s periods of no light delivery between repeated cycles, respectively. For single unit responses, the Plexon multichannel acquisition processor was used to amplify and band-pass filter the neuronal signals (150 Hz -- 8 kHz). Signals were digitized at 40 kHz and processed to extract action potentials in real-time. To separate the field potential, we used a low-pass filter (200 Hz cutoff frequency, 4-pole Bessel filter) and downsampled signals to 1 kHz. Simultaneous EEG data was collected at 1 kHz during ZI recordings in [Figure 4](#fig4){ref-type="fig"} using the MP150 data acquisition unit and EEG100C amplifier (Biopac).

ZI electrophysiology analysis {#s4-8}
-----------------------------

For the analysis in [Figure 4](#fig4){ref-type="fig"}, field potential recordings were high pass filtered with a cutoff frequency of 2 Hz to eliminate respiratory artifacts. Spindle-like oscillations (SLOs) occurring during the stimulus were then quantified on a per trial basis using a post-hoc custom algorithm (see [Source code 1](#SD8-data){ref-type="supplementary-material"}). Briefly, an SLO was identified when the recording's magnitude reached at least 6 standard deviations above its mean absolute value. If the recording did not exceed this value for the preceding 500 ms, and was above this value for at least 2% of samples over the next 500 ms, an SLO was counted. This method of quantification accurately captured the large-amplitude oscillations that could be visually discerned (see [Figure 4D](#fig4){ref-type="fig"}).

Fluorescence imaging and immunohistochemistry {#s4-9}
---------------------------------------------

Upon completion of in vivo of MRI, behavioral, and electrophysiology experiments, rats were deeply anesthetized with isoflurane in a knockdown box and transcardially perfused with 0.1M phosphate-buffered saline (PBS) and ice-cold 4% paraformaldehyde (PFA) in PBS. Brains were extracted and fixed in 4% PFA overnight at 4°C. The brains were equilibrated in 10%, 20%, and then 30% sucrose in PBS at 4°C. Coronal sections (50 μm) were prepared on a freezing microtome (HM 430 Sliding Microtome, Thermo Scientific Inc.). Consecutive sections (500 µm apart) were mounted and examined with a fluorescence microscope (Leica EL6000). For quantitative immunohistochemistry ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}), free-floating sections were processed with 5% normal donkey serum, and 0.4% Triton X-100 for 60 min. Sections were then exposed at 4°C for 48 hr to primary antibodies against mouse monoclonal CaMKIIα (CaMKIIα, 1:500, 05--532, Millipore, Billerica, MA). After washing with PBS, sections incubated for 2 hr at room temperature with Alexa Fluor 647-conjugated AffiniPure donkey anti-mouse IgG (1:250, Jackson Laboratories, West Grove, PA). Slices were then washed and mounted (DAPI-Fluoromount G, SouthernBiotech, Birmingham, AL). Immuno-fluorescence was assessed with a laser confocal microscope (Leica CTR 6500).

For high-resolution, whole-brain fluorescence imaging ([Figures 1A](#fig1){ref-type="fig"}, [4H](#fig4){ref-type="fig"}, and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}), frozen brains were embedded using stainless steel Tissue-Tek base molds and Neg-50 embedding medium (Richard-Allan Scientific \[Thermo\]; n = 2 animals) ([@bib74]). Post-freezing, the Neg-50 embedded brain was sectioned on a Microm HM550 cryostat using the tape-transfer method with all sections mounted directly onto slides. Alternating sections, cut at 20 μm, were separated to form two distinct series per brain. One slide series of the sectioned material was processed for Nissl cell body staining, using a thionin-based protocol and coverslipped with DPX mounting medium. The alternate series was dehydrated and directly coverslipped with DPX for fluorescence imaging. Whole-slide digital imaging was performed using a Hamamatsu NanoZoomer 2.0-HT system at 0.46 μm/pixel, with fluorescence scans at 12-bit depth using a tri-pass filter cube. Following data conversion to lossless jp2 (JPEG2000), individual brain sections were aligned and registered using rigid 2-D image transformation.

Statistics {#s4-10}
----------

All statistical tests were performed in Matlab. Non-parametric tests were used throughout the analysis. For in vivo electrophysiology measurements at thalamus and ZI, one-tailed Wilcoxon signed-rank tests were used to evaluate changes in firing rate between the pre-stimulation and stimulation periods. For measurements at sensory cortex in [Figure 3](#fig3){ref-type="fig"}, a two-tailed version of the test was used to evaluate either increases or decreases in firing rate. For results in [Table 1](#tbl1){ref-type="table"}, the average pre-stimulus firing rate (20 s bin) was compared to the average firing rate of four 5 s bins over the 20 s period of stimulation using a one-tailed Wilcoxon signed rank test, uncorrected for multiple comparisons. One-sided Wilcoxon rank sum tests were used to evaluate differences in SLO occurrence ([Figure 4E](#fig4){ref-type="fig"}), as well as changes in cortical or incertal firing when eNpHR activation was coupled with central thalamus stimulation ([Figure 5F,H](#fig5){ref-type="fig"}). For electrophysiology results, independence was assumed between repeated trials. All other assumptions for these tests were satisfied. For volumetric comparisons in [Figure 2,](#fig2){ref-type="fig"} one-sided Wilcoxon signed-rank tests were used to identify increases in the volume of BOLD activation between 10 and 40 Hz and 10 and 100 Hz (corrected for multiple comparisons). Note that variance was generally similar across groups being compared. Significance was determined at the α = 0.05 cutoff level. No statistical methods were used to estimate sample size. All statistical tests used to compare changes with frequency ([Figure 2](#fig2){ref-type="fig"} and [Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}) were performed pairwise, with an equal number of animals used for each frequency.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

\[Editors' note: this article was originally rejected after discussions between the reviewers, but the authors were invited to resubmit after an appeal against the decision.\]

Thank you for choosing to send your work entitled \"Frequency-selective control of forebrain networks by central thalamus\" for consideration at *eLife*. Your full submission has been evaluated by Timothy Behrens (Senior Editor), Andrew King (Reviewing Editor) and three peer reviewers, and the decision was reached after discussions between the reviewers. Based on our discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*.

Although we were impressed with the interdisciplinary approach used in this study, particularly the combination of optical stimulation and fMRI, as well as its potential therapeutic implications, a number of significant concerns were raised by the reviewers. While some of these can be dealt with by changes to the text, other methodological concerns will likely require further experiments. In particular, the effects of varying the frequency of optical stimulation appear to be confounded by changes in pulse duration and number. Two of the reviewers also felt that the section on the zona incerta was particularly weak.

Reviewer \#1:

Liu and colleagues have used a combination of fMRI, optogenetics, electrophysiology and video EEG monitoring in a rodent model to map thalamocortical and forebrain neural circuits. This work has several important contributions. The authors show that mode of stimulation can change response patterns of neurons dramatically in these central circuits. In one case, high-frequency stimulation of excitatory relay neurons in the central thalamus caused a widespread positive BOLD signal in multiple forebrain regions.

In contrast, low frequency (10 Hz) stimulation led to less neural circuit modulation, negative BOLD signal in the somatosensory cortex and loss of consciousness. This low frequency stimulation was also associated with spindle like activity in the zona incerta. The authors postulate that the zona incerta may be playing a roll in the inhibition and spindling through a feedback circuit with the central thalamus.

The authors\' work suggests that negative BOLD signals could be associated with large scale inhibition in brain networks.

The work draws a compelling distinction between stimulating at a given frequency and observing population spiking activity at a given frequency after stimulation. The optogenetics disambiguate these two factors by allowing the stimulation of a specific neuronal population.

Finally, the work has enormous translational potential. The authors demonstrate substantial forebrain network activation with stimulation of the central thalamus. This observation clearly speaks to the potential use of these findings to guide developmental work on DBS for therapeutic purposes. In particular, the authors show that changing frequency of stimulation can change the brain response from broad activation of forebrain circuits for high frequency stimulation to decreased arousal and negative BOLD signals for low frequency stimulation. One could imagine using the first stimulation pattern or patterns similar to it help enhance arousal in patients who are minimally conscious or in a vegetative states, whereas the second pattern might prove useful for treating seizures. At any rate, the results offer a principled way to investigate the basic science of DBS and to learn more about the brain\'s arousal circuits by combining two modalities.

The manuscript is well-written. It is a significant basic neuroscience and translational neuroscience contribution. I have no major concerns.

Reviewer \#2:

In this study, Liu et al carry out a multilevel exploration of the role of central thalamus activation in the control of brain states. By using optogenetic activation of the central thalamus in combination with fMRI (and other techniques), they demonstrate how the activation of somas in the central thalamus is enough to induce large changes in cortical BOLD signal, later correlated with single unit firing. The authors demonstrate that while high (40-100 Hz) frequency stimulation of the central thalamus activates different cortical (and subcortical) areas causing arousal, low (10 Hz) frequencies reduce cortical activity. The responses of zona incerta to the same stimulation patterns are compatible with a potential role of this area in the switch between both effects, at least those concerning some areas of the cortex. Even when a definitive causal and mechanistic relationship is not established, the study is relevant for both basic neuroscience -- it brings together the single neuron level to the whole brain activation and it gives a feasible systems level interpretation of the phenomena -- and also for the applied, clinical implications.

Main concerns:

1\) The inclusion of the zona incerta as a potential intermediary of the cortical inhibition at 10 Hz provides a potential mechanism and it is valuable. However the study of this is not well justified in the text. It is not even mentioned in the Introduction and it is not well justified in the Abstract. Why the zona incerta? What inputs does it receive? Is central thalamus projecting to zona incerta? For example in the Introduction all these explanations are given for the pallidum, but then the zona incerta is the one included in the study. In the anatomical study reported in the manuscript, the ZI is never mentioned as a place of distribution of the EYFP axons.

2\) In the subsection "Low-frequency central thalamus stimulation drives incertal oscillations" it is said that ZI sends direct gabaergic projections to sensory cortex (somatosensory; Nicolelis, Chaplin and Lin, 1995), and the study is carried out by recording from S1 and Z1. However, this does not explain how the brain state switch would be in prefrontal cortex or other cortical areas. It is possible that the authors have considered this and therefore it should be explicitly discussed in the text.

3\) In the study of ZI the 10 Hz thalamic stimulation evokes spike and wave discharges in the EEG but this is not reported in the other recordings in the cortex during 10 Hz stim. 10 Hz CT stimulation is reported silencing the cortex, however spike and wave is a rather visible activity that does not silence the neurons. Shouldn\'t the spike and wave be seen in the single unit recordings?

4\) Subsection "Stimulation of central thalamus relay neurons drives widespread forebrain activation in vivo", fourth paragraph: stimulating at different frequencies always has the problem of giving the same number of pulses versus giving the stimulation for the same period of time. I understand that here the second option was taken. This means that the number of pulses was (in 6 minutes) 1200 when at 10 Hz, 4800 when at 40 Hz and 12000 at 100 Hz. In order to rule out the effect of the differential number of pulses, and since there are six blocks of repetitions, it would strengthen the conclusions to demonstrate that the differences in cortical activation remain for equivalent number of pulses. Probably the authors already have some data showing this that could be included in a supplemental figure. It is also confusing that [Figure 4B](#fig4){ref-type="fig"} shows stimulation periods that are variable and therefore (probably) adjusted to number of pulses. Was a different protocol used in this case?

5\) In general there is a lack of description of the control (pre-stimulus) activity. Is the departing point slow wave activity? Is the decrease in firing during 10 Hz stimulation independent from the pre-existing activity patterns?

Reviewer \#3:

This study deals with an interesting issue, the role of central thalamic nuclei in controlling cortical activation. However, there are several problems with this paper.

First, the authors seem to have a poor understanding of the effects that thalamic stimulation delivered at different frequencies has on the cortex. This has been studied previously but there is very little reflection of that knowledge here. I can think of a series of studies in the rat that investigated the cortical effects of frequency-dependent electrical stimulation in the VL/VA thalamic region (adjacent to the targeted CL/PC region) in rats. Those studies showed that stimulation in various thalamic nuclei evoke short-latency frequency-depend excitatory cortical responses that can augment (spreading significantly when stimulating in VL/VA) or depress (when stimulating in VPM/VPL). Importantly, at 10 Hz, stimulation always drives strong long-lasting feedforward inhibition, which hyperpolarizes cortical cells immediately after each short-latency excitatory response (e.g. see Fig. 1 in Castro-Alamancos and Connors, 1996b). This inhibition of cortical cells may explain the negative BOLD observed in S1 during 10 Hz stimulation (20 sec); under this stimulation regimen, cortical cells will be hyperpolarized most of the time.

Second, the idea that the suppression of neural activity observed at 10 Hz would be caused by the zona incerta seems unlikely. There are numerous other possibilities. For example, the very robust drive of feedforward inhibition in neocortex at 10 Hz is more parsimonious. In general, this part of the study is very unconvincing.

Third, there are significant methodological issues to consider. Most important is the fact that the authors chose to keep the duty cycle constant across stimulation frequencies. This means that at 10 Hz the light stimulus per cycle lasts 30 ms and at 100 Hz it lasts 3 ms. This is very problematic because the changes that are being attributed to frequency can easily be attributed to pulse duration, which has very significant effects on the responses evoked. Thus, everywhere in the paper where the authors allude to frequency, they are also changing pulse duration, which is a major confound. The only reasonable way to keep the total light duration constant when studying frequency is by increasing the train duration for the lower frequencies and keeping the pulse duration constant.

Fourth, the selectivity of the stimulation, which is based mostly on the placement of the fiber, is a major limitation because the nuclei that are targeted are very small and have complex shapes. It seems inevitable that adjacent structures will also be driven by the light. A Cre-mouse that would limit the expression to the targeted nuclei would be a much better choice in this particular case.

Fifth, regarding the idea that the thalamus serves to drive cortical activation, previous work has shown that neuromodulation of neural activity in sensory thalamus leads to activation or deactivation in the related sensory cortex (Hirata and Castro-Alamancos, 2010). This work is directly related to the study at hand but was not considered here.

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for submitting your work entitled \"Frequency-selective control of forebrain networks by central thalamus\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by Tim Behrens (Senior Editor) and Andrew King (Reviewing Editor).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Several of their original concerns have been satisfactorily addressed in the revised version and the reviewers have acknowledged the improvements made to the manuscript, particularly through the inclusion of the new pulse width and train duration imaging data. Nevertheless, some substantive issues remain that need to be addressed before a final decision can be made (references cited are given below).

1\) One of the reviewers argues that your claim that the ZI is the source of cortical inhibition during 10 Hz stimulation is still not well supported. Whilst agreeing that thalamocortical responses evoked in the sensory cortices by stimulating the sensory thalamus at 10 Hz are depressed both in vivo (Castro-Alamancos and Connors, 1996b) and in slices (Cruikshank et al., 2010), the reviewer has pointed out that thalamocortical responses evoked in neocortex by stimulating other thalamic nuclei (midline, intralaminar, and VA/VL) are different in most respects, both in vivo (Castro-Alamancos and Connors, 1996b) and in slices (Cruikshank et al., 2012). Stimulation of these other thalamic nuclei in vivo at 10 Hz produces facilitating (spindle-like) responses in cortex, not depressing responses. In fact, work in slices also supports this. A direct quote from the in vitro paper (Cruikshank et al., 2012) cited by the authors in the rebuttal emphasizes this, \"responses during repetitive stimulation were far more sustained for matrix than for core sensory TC pathways\".

Since the 1940s it has been known that stimulating thalamic nuclei at different frequencies evokes three main types of responses in cortex (Dempsey and Morison): primary responses, augmenting responses and recruiting responses. A more recent account of this literature, including more recent studies done in the rat (Dempsey and Morison worked in cats), is presented in Castro-Alamancos and Connors, 1997 (not cited by the authors, but highly relevant). Primary responses occur when specific thalamic nuclei are stimulated, such as sensory thalamus. Primary responses depress with frequency. Augmenting and recruiting responses occur when VL, VA, VM, midline or intralaminar thalamic nuclei are stimulated. These responses are similar in that they produce enhanced cortical responses at stimulation frequencies between 7-14 Hz. They differ in their cortical depth profile, indicating that they target different layers (as expected from the known projections), and in the size of the primary response they evoke. VL stimulation evokes augmenting responses with a small primary response (small compared to sensory pathways) in motor cortical areas, which is surface positive. In contrast, recruiting responses are mostly surface negative, lacking the surface positive primary response of augmenting responses. The present study did not record field potential responses in cortex, so it is difficult to know if the responses they evoke at 10 Hz in cortex are augmenting or recruiting. But a consistent finding from intracellular recordings is that strong feedforward inhibition is evoked in cortex in vivo by stimulating the thalamus at 10 Hz (Castro-Alamancos and Connors, 1996c; Castro-Alamancos and Connors, 1996a). In fact, the area stimulated by the authors is known to evoke recruiting responses, which should yield feedforward inhibitory responses with weaker short-latency excitation (surface positivity) than augmenting responses.

The reviewer concludes that by citing papers based on specific thalamic nuclei, such as core sensory thalamic nuclei (Cruikshank et al., 2010), is not appropriate, because it is well known that the pathways stimulated in this study have different response properties.

2\) The reviewer has also criticized your argument that high frequency activity evokes increased levels of interneuron-driven cortical inhibition relative to excitation, whereas low frequency activity does not, on the grounds that the relevance of the cited paper (Galarreta and Hestrin, 1998) to the issue at hand is doubtful because this study only deals with inhibition driven by cortical stimuli, not thalamic stimuli. You need to look at feedforward inhibition driven by thalamic stimulation, preferably in vivo. The other cited slice paper (Cruikshank et al., 2012), looked at feedforward inhibition driven by thalamic inputs but only marginally (only 1 example panel in [Figure 6D](#fig6){ref-type="fig"} and no group data). It is hard to derive any strong conclusions other than to say that inhibition is there, albeit depressed compared to the 1st stimulus.

3\) The reviewer also points out that white matter stimulation does not mimic thalamic stimulation, let alone central thalamus stimulation, so this should not be used as an argument for the effects of thalamic stimulation on cortical activity.

4\) In response to your comment that, in contrast to Fig. 1 in Castro-Alamancos and Connors (1996b), you did not observe spikes on every stimulus presentation at 10 Hz, the reviewer points out that this is based on VL stimulation and recording in the motor cortex, which evokes an augmenting response. If in that figure (or Fig. 3 of the same paper) the surface positive field potential component and associated corresponding excitatory drive (which produces the spikes) are eliminated, what is left is a recruiting response, as defined originally by Dempsey and Morison. Similar to spindles, recruiting responses trigger spikes only on some of the waves at 10 Hz. Thus, 3.6 Hz would be consistent with this. It would be helpful if you were to present PSTHs using each stimulus of the 10 Hz train as the marker ([Figure 3D](#fig3){ref-type="fig"}).

5\) Your evidence that inhibition of the zona incerta during 10 Hz central thalamus stimulation reverses the cortical inhibition effect is based on AAV delivery of halorhodopsin, which will not discriminate between inhibitory and excitatory neurons. Consequently, light delivery might not only inhibit ZI cells, but other cells too, including adjacent thalamocortical cells. It is therefore possible that the effects observed are due to inhibition of thalamocortical cells. Similarly, could the mCherry fibers observed in cortex actually be thalamocortical fibers? It is also possible that your stimulation could be activating the NRt, which would drive the observed spindles and the recruiting responses in the cortex at 10 Hz, in which case there would be no need for the extrinsic inhibition purportedly provided by ZI. These possibilities should be addressed in the paper. Unless they can be ruled out, conclusions about the role of the zona incerta should be modified accordingly.

6\) In discussing alternative hypotheses of the mechanism of cortical inhibition, including disynaptic thalamocortical inhibition (see Discussion, paragraph four) and disynaptic corticocortical inhibition (see Discussion, paragraph six), you should include relevant literature (e.g. rat in vivo thalamic stimulation), instead of marginally related work (slice studies that used white-matter or cortical stimulation, hippocampal studies, etc.). Care should also be taken to cite the literature accurately. For example, you argue that \"central thalamus at different frequencies can lead to distinct behavioral responses\" and cite Morison and Dempsey (1942), but Dempsey and Morison did not study behavior. Galarreta and Hestrin (1998) did not study thalamocortical responses (please correct this in the subsection "Central thalamus stimulation frequency controls cortical excitation/inhibition balance").
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Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

We were very pleased to see that two of the three reviewers found our manuscript suitable for publication, with such comments as "This work has several important contributions," "The work has enormous translational potential," and "The study is relevant for both basic neuroscience... and also for the applied, clinical implications."

We have fully addressed the few criticisms offered by the reviewers through additional clarification in writing, experiments, and analyses in the attached revised manuscript. Below, we provide a point-by-point response to the comments by Reviewers \#2 and \#3. In the instances where we omitted citing key literature, we sincerely apologize for the oversight and have addressed the issue carefully.

Given the overwhelmingly positive reviews from two of the three reviewers, and our direct rectification of the two issues noted in our rejection letter (frequency vs. pulse width effects, and interpretation of zona incerta recordings) with additional experiments, we request the opportunity to have this revised manuscript re-evaluated by the reviewers.

Reviewer \#2:

*1) The inclusion of the zona incerta as a potential intermediary of the cortical inhibition at 10 Hz provides a potential mechanism and it is valuable. However the study of this is not well justified in the text. It is not even mentioned in the Introduction and it is not well justified in the Abstract. Why the zona incerta? What inputs does it receive? Is central thalamus projecting to zona incerta? For example in the Introduction all these explanations are given for the pallidum, but then the zona incerta is the one included in the study. In the anatomical study reported in the manuscript, the ZI is never mentioned as a place of distribution of the EYFP axons.*

We thank the reviewer for their critical feedback of our writing and have revised the manuscript accordingly to address the listed concerns. Specifically, in the Introduction, we provide context for our investigation of zona incerta, citing prior demonstrations of its influence on attention and arousal, and explain that its possible involvement in central thalamus arousal circuits has not yet been studied. Furthermore, in the Abstract, we more explicitly justify the investigation as one to explore the mechanism underlying the negative BOLD signal observed in cortex.

While we speculate that a monosynaptic connection may exist between the transfected neurons in central thalamus and zona incerta based on observed distributions of EYFP axons (see subsection "Cortical inhibition driven by central thalamus stimulation depends on evoked incertal activity"), previous tracing studies have failed to identify significant input to zona incerta from intralaminar nuclei. This clarification has been added to the Discussion. We have kept our discussion of thalamo-striatal projections in the Introduction to provide context for the strong BOLD responses evoked in this region.

*2) In the subsection "Low-frequency central thalamus stimulation drives incertal oscillations" it is said that ZI sends direct gabaergic projections to sensory cortex (somatosensory; Nicolelis, Chaplin and Lin, 1995), and the study is carried out by recording from S1 and Z1. However, this does not explain how the brain state switch would be in prefrontal cortex or other cortical areas. It is possible that the authors have considered this and therefore it should be explicitly discussed in the text.*

To address this concern, we have included several hypotheses in the revised manuscript. For example, during 10 Hz stimulation, cortical deactivation in EEG and the absence of significant forebrain recruitment with fMRI may be controlled by spindle-like oscillations, which were observed in zona incerta, and associated sleep networks (see Discussion). GABAergic projections from zona incerta to central thalamus may also act as a form of negative feedback to suppress the region's broad thalamocortical projections.

3\) In the study of ZI the 10 Hz thalamic stimulation evokes spike and wave discharges in the EEG but this is not reported in the other recordings in the cortex during 10 Hz stim. 10 Hz CT stimulation is reported silencing the cortex, however spike and wave is a rather visible activity that does not silence the neurons. Shouldn\'t the spike and wave be seen in the single unit recordings?

As correctly summarized by the reviewer, we found that 10 Hz stimulation of central thalamus evokes spike-and-wave discharges in EEG and neuronal silencing in single-unit recordings. Although the reviewer suggests that these phenomena are contradictory, the spatial localization of the two recordings are quite distinct. The decrease in single-unit firing was measured specifically in somatosensory cortex, which was the only region to exhibit a negative BOLD signal (For example, motor and cingulate cortex exhibited positive responses; [Figure 2A](#fig2){ref-type="fig"}). In contrast, the EEG electrode was placed on the dura and located above frontal cortex. Therefore, the recorded signal represents the integration of a larger volume that likely includes excited regions (e.g. motor and cingulate cortex). Indeed, the reviewer's comment highlights the novelty of our results. While our observation of cortical spike-and-wave activity is consistent with previous studies of thalamic stimulation, the whole-brain visualization afforded by fMRI allowed us to predict the presence of neuronal silencing in a highly localized region of cortex, which we later went on to confirm with electrophysiology. This demonstrates that the whole-brain visualization afforded by ofMRI is a key advantage over other methods in deconstructing complex neural circuits.

*4) Subsection "Stimulation of central thalamus relay neurons drives widespread forebrain activation in vivo", Fourth paragraph: stimulating at different frequencies always has the problem of giving the same number of pulses versus giving the stimulation for the same period of time. I understand that here the second option was taken. This means that the number of pulses was (in 6 minutes) 1200 when at 10 Hz, 4800 when at 40 Hz and 12000 at 100 Hz. In order to rule out the effect of the differential number of pulses, and since there are six blocks of repetitions, it would strengthen the conclusions to demonstrate that the differences in cortical activation remain for equivalent number of pulses. Probably the authors already have some data showing this that could be included in a supplemental figure. It is also confusing that [Figure 4B](#fig4){ref-type="fig"} shows stimulation periods that are variable and therefore (probably) adjusted to number of pulses. Was a different protocol used in this case?*

The reviewer is correct in their observation that stimulation frequency cannot be varied independently of all other parameters, including pulse width, total light delivery, and pulse train duration. In this experiment, we kept the duty cycle constant in order to mitigate the possible confounding factor of variations in total light delivery, which can lead to heating artifacts (Christie et al., 2013). We apologize if this was not clear to the reviewer, and have clarified this decision in the revised manuscript (Results; [Figure 4B](#fig4){ref-type="fig"} legend).

As a result of keeping the duty cycle constant, the pulse width associated with each frequency was necessarily different (30 ms for 10 Hz, 7.5 ms for 40 Hz, and 3 ms for 100 Hz). The alternative option -- keeping the pulse width fixed and varying the pulse train duration to maintain total light delivery -- would lead to uninterpretable results due to differences in neuronal adaptation that occur over the course of a 20 s pulse train compared to a 2 s pulse train (Note that a 10-fold difference would be required for comparing 10 and 100 Hz).

To address this concern as best as possible, we have performed additional fMRI experiments keeping both the pulse width and train duration constant. Our results show that both the increase in forebrain activation with frequency and the transition from negative to positive BOLD signals in cortex is preserved ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}). Although these stimulus trains deliver different amounts of total light, the fact that we see these phenomena while varying frequency and keeping either the total amount of light delivery ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) or pulse width ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}) constant suggests that frequency is the main factor in driving these effects.

*5) In general there is a lack of description of the control (pre-stimulus) activity. Is the departing point slow wave activity? Is the decrease in firing during 10 Hz stimulation independent from the pre-existing activity patterns?*

To address this concern, we have added a supplementary figure, which shows that the pre-stimulus forebrain EEG activity was consistent across frequencies of stimulation ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Thus, the differences in evoked behavior and electrographic responses can be attributed to the stimulation paradigm itself.

With regards to the decrease in cortical firing, the magnitude of change during 10 Hz stimulation was well correlated with the pre-stimulus firing rate (n = 46 neurons; R^2^ = 0.78, see [Author response image 1](#fig7){ref-type="fig"}). This correlation is consistent with expectations, since cells which have a high baseline firing rate can be suppressed more than those with a low baseline firing rate. The data also show that cortical cells exhibiting a wide range of baseline firing rate were inhibited, emphasizing the robustness of central thalamus-driven cortical inhibition. To generate this plot, the average firing rate over the 20 s period before stimulation was compared with the average firing rate during the 5-10 s interval after stimulation began (that is, when the most neurons were silenced; see [Table 1](#tbl1){ref-type="table"}).10.7554/eLife.09215.028Author response image 1.**DOI:** [http://dx.doi.org/10.7554/eLife.09215.028](10.7554/eLife.09215.028)

Because the single-unit recordings in cortex were collected without simultaneous forebrain EEG, we cannot compare the magnitude of neuronal silencing to the broader state of cortex prior to stimulation.

Reviewer \#3:

*This study deals with an interesting issue, the role of central thalamic nuclei in controlling cortical activation. However, there are several problems with this paper. First, the authors seem to have a poor understanding of the effects that thalamic stimulation delivered at different frequencies has on the cortex. This has been studied previously but there is very little reflection of that knowledge here. I can think of a series of studies in the rat that investigated the cortical effects of frequency-dependent electrical stimulation in the VL/VA thalamic region (adjacent to the targeted CL/PC region) in rats. Those studies showed that stimulation in various thalamic nuclei evoke short-latency frequency-depend excitatory cortical responses that can augment (spreading significantly when stimulating in VL/VA) or depress (when stimulating in VPM/VPL). Importantly, at 10 Hz, stimulation always drives strong long-lasting feedforward inhibition, which hyperpolarizes cortical cells immediately after each short-latency excitatory response (e.g. see Fig. 1 in Castro-Alamancos and Connors, 1996b). This inhibition of cortical cells may explain the negative BOLD observed in S1 during 10 Hz stimulation (20 sec); under this stimulation regimen, cortical cells will be hyperpolarized most of the time.*

We thank the reviewer for their critical feedback of our writing and data interpretation, and apologize for several key studies being omitted from our Introduction/Discussion that we now include. In particular, we now discuss feedforward inhibition and the possibility that it underlies the observed frequency-dependent silencing of sensory cortex. After careful consideration of existing literature and our own results, we conclude that feedforward thalamocortical inhibition is unlikely to explain the effects reported here. Several lines of evidence point to this conclusion. First, cortical IPSPs driven by feedforward inhibition typically depress after a few repeated stimuli (Cruikshank et al., 2012; Cruikshank et al., 2010). Second, high frequency activity evokes increased levels of interneuron-driven cortical inhibition relative to excitation, whereas low frequency activity does not (Galarreta and Hestrin, 1998). Third, white matter stimulation increases inhibitory synaptic activity in cortex during 40 Hz, but not 10 Hz, stimulation (Contreras and Llinas, 2001). The figure highlighted by the reviewer (Fig. 1 in Castro-Alamancos and Connors, 1996b) is informative in highlighting the frequency-dependent properties of thalamic stimulation, but suggests that 10 Hz stimulation still evokes cortical spikes with every stimulus. We did not observe this type of response, with the average firing rate in cortex being 3.6 ± 3.4 Hz (*n* = 11 neurons, mean ± std) during the 20 s period of 10 Hz stimulation.

To provide additional support that the zona incerta plays a role in the observed cortical inhibition, we performed a new series of experiments in which zona incerta is inhibited using optogenetics during 10 Hz stimulation of central thalamus ([Figure 5](#fig5){ref-type="fig"}). We report that targeted inhibition of the zona incerta during 10 Hz central thalamus stimulation reverses the cortical inhibition effect. That is, suppressing zona incerta activity has a net excitatory effect on cortex. These data suggest that zona incerta plays a causal role in contributing to the cortical inhibition reported.

*Second, the idea that the suppression of neural activity observed at 10 Hz would be caused by the zona incerta seems unlikely. There are numerous other possibilities. For example, the very robust drive of feedforward inhibition in neocortex at 10 Hz is more parsimonious. In general, this part of the study is very unconvincing.*

As noted above, we have performed a new series of experiments using optical inhibition of zona incerta to demonstrate this region's causal role in the frequency-dependent inhibition of cortex. In addition, we have significantly revised the manuscript to discuss alternative hypotheses of the cortical inhibition's mechanism, including disynaptic thalamocortical inhibition (see Discussion, paragraph four) and disynaptic corticocortical inhibition (see Discussion, paragraph six).

*Third, there are significant methodological issues to consider. Most important is the fact that the authors chose to keep the duty cycle constant across stimulation frequencies. This means that at 10 Hz the light stimulus per cycle lasts 30 ms and at 100 Hz it lasts 3 ms. This is very problematic because the changes that are being attributed to frequency can easily be attributed to pulse duration, which has very significant effects on the responses evoked. Thus, everywhere in the paper where the authors allude to frequency, they are also changing pulse duration, which is a major confound. The only reasonable way to keep the total light duration constant when studying frequency is by increasing the train duration for the lower frequencies and keeping the pulse duration constant.*

As explained in our response to Reviewer \#2, we chose to keep the duty cycle constant in these experiments to keep both the total amount of light delivery and pulse train duration constant. Maintaining a constant amount of light delivery is important to mitigate possible confounding factors associated with heating (Christie et al., 2013). Similarly, maintaining constant pulse train duration is necessary to avoid possible differences in neuronal adaptation that would occur when changing the train duration by such a large factor (e.g. an order of magnitude between 10 and 100 Hz).

To provide additional insight regarding this potential confound, we performed additional fMRI experiments keeping both the pulse width and train duration constant. Our results show that the transition from negative to positive BOLD signals in cortex is preserved, as well as the changes in activation volume in cortex and striatum ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}). Although these stimulus trains deliver different amounts of total light, the fact that we see these phenomena while varying frequency and keeping either the total amount of light delivery ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) or pulse width ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}) constant suggests that frequency is the main determinant in driving these effects.

*Fourth, the selectivity of the stimulation, which is based mostly on the placement of the fiber, is a major limitation because the nuclei that are targeted are very small and have complex shapes. It seems inevitable that adjacent structures will also be driven by the light. A Cre-mouse that would limit the expression to the targeted nuclei would be a much better choice in this particular case.*

We agree with the reviewer that the issue of stimulation selectivity is a very important one, and we paid careful attention to it throughout the experimental design process. In particular, we used a large sample size (*n* = 10-16 animals) and ensured that the stimulation location was within a very narrow range across animals using high-resolution in vivo imaging and excluding over half the original cohort (*n* = 47) from analysis. To ensure that stimulation was primarily limited to the targeted nuclei, we also titrated the power level to achieve an activation cone of appropriate scale ([Figure 1A](#fig1){ref-type="fig"}). Given these measures, the authors are confident in the claim that the effects reported in this manuscript are primarily driven by the intralaminar nuclei of central thalamus. Because there is no genetic marker that differentiates intralaminar nuclei from the rest of thalamus, development of a Cre-mouse line is currently not possible. Nevertheless, we agree that such an experiment would be ideal.

*Fifth, regarding the idea that the thalamus serves to drive cortical activation, previous work has shown that neuromodulation of neural activity in sensory thalamus leads to activation or deactivation in the related sensory cortex (Hirata and Castro-Alamancos, 2010). This work is directly related to the study at hand but was not considered here.*

We sincerely apologize for this oversight. We have added this reference to the revised manuscript.
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\[Editors' note: the author responses to the re-review follow.\]

*Several of their original concerns have been satisfactorily addressed in the revised version and the reviewers have acknowledged the improvements made to the manuscript, particularly through the inclusion of the new pulse width and train duration imaging data. Nevertheless, some substantive issues remain that need to be addressed before a final decision can be made (references cited are given below).*

Many of the findings presented in our study are consistent with the anatomical and physiological properties of thalamus and thalamocortical projections that have been documented separately over the last half century. It is notable, however, that our experimental paradigm is unique and fundamentally different compared to those employed in previous studies due to our novel approach of selective excitation of central thalamic relay neurons using optogenetic techniques and the visualization of whole-brain response patterns using fMRI. The several well-characterized thalamocortical properties cited by the reviewer originate from thalamic stimulation in related but distinct experimental preparations (e.g. electrical microstimulation or optogenetic stimulation in reduced preparations), which though clearly directly related, may produce different effects. The precise frequency selectivity of the whole-brain network responses shown here has simply not been demonstrated before (other approaches have been limited to looking at only some pieces of the network at one time). With that said, we agree that many aspects of our findings have interpretations in the context of prior literature. One reviewer relates our findings to the well-known recruiting response, which we agree could possibly co-exist with and/or contribute to the observed responses (see Discussion paragraph five). However, there is a much more clear and compelling comparison to a fourth thalamocortical physiological mode described since the 1940s (in addition to the three already noted by the reviewer) -- the production of high voltage spike-wave activity associated with behavioral arrest. This mode is directly supported by our data, as we show that 10 Hz stimulations generate spike-wave EEG and behavioral arrest patterns, and concretely link our stimulation paradigm to the zona incerta (see below). We now more clearly present the evidence to frame and support this interpretation in the revised manuscript.

*1) One of the reviewers argues that your claim that the ZI is the source of cortical inhibition during 10 Hz stimulation is still not well supported. Whilst agreeing that thalamocortical responses evoked in the sensory cortices by stimulating the sensory thalamus at 10 Hz are depressed both in vivo (Castro-Alamancos and Connors, 1996b) and in slices (Cruikshank et al., 2010), the reviewer has pointed out that thalamocortical responses evoked in neocortex by stimulating other thalamic nuclei (midline, intralaminar, and VA/VL) are different in most respects, both in vivo (Castro-Alamancos and Connors, 1996b) and in slices (Cruikshank et al., 2012). Stimulation of these other thalamic nuclei in vivo at 10 Hz produces facilitating (spindle-like) responses in cortex, not depressing responses. In fact, work in slices also supports this. A direct quote from the in vitro paper (Cruikshank et al., 2012) cited by the authors in the rebuttal emphasizes this, \"responses during repetitive stimulation were far more sustained for matrix than for core sensory TC pathways\".*

We agree with the reviewer's claim that thalamocortical inhibition mediated by cortical interneurons cannot be ruled out completely. We would like to thank the reviewer for pointing this out and have revised the manuscript accordingly. First, we changed the wording in the Discussion from "A competing hypothesis to explain the suppression of cortex \[...\]" to "An additional mechanism that could contribute to the evoked suppression of cortex \[...\]". We believe this highlights the possibility that feedforward thalamocortical inhibition may play a role in the observed response, while also acknowledging the novel, causal role of zona incerta discovered in our experiments. Second, we removed our previous argument that thalamocortical inhibition becomes depressed after repeated stimuli, including the citation that referenced stimulation of the VB complex. Furthermore, we make note of Cruikshank et al.'s recent finding that the matrix neurons of central thalamus can generate relatively sustained IPSPs (see Discussion, paragraph four). We conclude that our results are compatible with feedforward thalamocortical inhibition acting in conjunction with the novel zona incerta-modulated inhibition revealed here.

We also added citation (Castro-Alamancos and Connors, 1996b) listed by the reviewer in reference to short-term plasticity of thalamocortical synapses.

*Since the 1940s it has been known that stimulating thalamic nuclei at different frequencies evokes three main types of responses in cortex (Dempsey and Morison): primary responses, augmenting responses and recruiting responses. A more recent account of this literature, including more recent studies done in the rat (Dempsey and Morison worked in cats), is presented in Castro-Alamancos and Connors, 1997 (not cited by the authors, but highly relevant). Primary responses occur when specific thalamic nuclei are stimulated, such as sensory thalamus. Primary responses depress with frequency. Augmenting and recruiting responses occur when VL, VA, VM, midline or intralaminar thalamic nuclei are stimulated. These responses are similar in that they produce enhanced cortical responses at stimulation frequencies between 7-14 Hz. They differ in their cortical depth profile, indicating that they target different layers (as expected from the known projections), and in the size of the primary response they evoke. VL stimulation evokes augmenting responses with a small primary response (small compared to sensory pathways) in motor cortical areas, which is surface positive. In contrast, recruiting responses are mostly surface negative, lacking the surface positive primary response of augmenting responses. The present study did not record field potential responses in cortex, so it is difficult to know if the responses they evoke at 10 Hz in cortex are augmenting or recruiting. But a consistent finding from intracellular recordings is that strong feedforward inhibition is evoked in cortex in vivo by stimulating the thalamus at 10 Hz (Castro-Alamancos and Connors, 1996c; Castro-Alamancos and Connors, 1996a). In fact, the area stimulated by the authors is known to evoke recruiting responses, which should yield feedforward inhibitory responses with weaker short-latency excitation (surface positivity) than augmenting responses. The reviewer concludes that by citing papers based on specific thalamic nuclei, such as core sensory thalamic nuclei (Cruikshank et al., 2010), is not appropriate, because it is well known that the pathways stimulated in this study have different response properties.*

We agree with the reviewer that papers based on stimulation of specific thalamic nuclei should be avoided and removed citation (Cruikshank et al., 2010) from the Discussion. We also include citations (Castro-Alamancos and Connors, 1997) and (Castro-Alamancos and Connors, 1996c) listed above, and discuss the recruiting response and its hypothesized mechanism of hyperpolarization driven by thalamic stimulation. However, we wish to add that the list of three cortical responses described by the reviewer (primary, augmenting, and recruiting) omits another key mode of thalamocortical activation -- namely, the generation of spike-wave cortical activity and behavioral arrest that is known in human subjects as the absence seizure and is modeled in various rodent strains. Indeed, the reference provided by the reviewer (Castro-Alamancos and Connors, 1997) also ends with a discussion of this general phenomenon. However, it is not presented as an isolated mode of cortical response, likely because it is a network property and is not well isolated in the experimental contexts in which the other three responses are characterized. We would point out that our experimental framework of whole-brain imaging is uniquely suited to characterize the circuit-level differences of stimulation frequency across the entire brain during sustained, steady-state activation (approximating the typical approach used in deep brain stimulation) rather than the methods used to study primary, augmenting, and recruiting responses (which are generated by shorter duration stimulation paradigms and lack specific behavioral correlates).

Here, we demonstrate that 10 Hz optogenetic stimulation during sleep produces slow spike-wave activity and freezing behavior in the majority of animals, consistent with absence seizure-like responses. We are led to zona incerta directly from these data and existing literature on rodent absence seizures that points to the ZI's role in modulating spike-wave discharges (see Introduction). We also wish to emphasize that we are not the first group to suggest a key role for incertofugal inhibition in spike-wave activity or to probe this possibility experimentally. For example, one study (Shaw et al., 2013) concluded, "Membrane hyperpolarization due to the intensive inhibitory GABAergic actions is beneficial for maintaining brain rhythms \[...\] Delayed rhythmic incertal activity may help to develop membrane hyperpolarization that builds up sustained high-voltage cortical rhythms through GABAergic incertofugal pathways." This point has been clarified in the revised manuscript (see Discussion).

*2) The reviewer has also criticized your argument that high frequency activity evokes increased levels of interneuron-driven cortical inhibition relative to excitation, whereas low frequency activity does not, on the grounds that the relevance of the cited paper (Galarreta and Hestrin, 1998) to the issue at hand is doubtful because this study only deals with inhibition driven by cortical stimuli, not thalamic stimuli. You need to look at feedforward inhibition driven by thalamic stimulation, preferably in vivo. The other cited slice paper (Cruikshank et al., 2012), looked at feedforward inhibition driven by thalamic inputs but only marginally (only 1 example panel in [Figure 6D](#fig6){ref-type="fig"} and no group data). It is hard to derive any strong conclusions other than to say that inhibition is there, albeit depressed compared to the 1st stimulus.*

We agree with the reviewer and removed this argument (including citation Galarreta and Hestrin, 1998) from the Discussion. Unfortunately, to the best of our knowledge, no study has directly compared the frequency-dependent strength of cortical interneuron-mediated thalamocortical inhibition during intralaminar thalamic stimulation in vivo. Therefore, it is difficult to predict the extent to which this inhibition would vary between our 10, 40, and 100 Hz stimulations. Intracellular recordings would be an appropriate means to further investigate this issue, a discussion point we have added to the revised manuscript. Until these experiments are conducted, our results stand on their own as a novel and exciting demonstration that zona incerta plays a causal role in modulating cortical inhibition induced by central thalamus stimulation. While zona incerta has previously been implicated in modulating spike-wave discharges and associated absence seizures, we were able to link this relationship to specific whole-brain activity patterns and a previously described inhibitory pathway originating from ZI.

*3) The reviewer also points out that white matter stimulation does not mimic thalamic stimulation, let alone central thalamus stimulation, so this should not be used as an argument for the effects of thalamic stimulation on cortical activity.*

We agree that white matter stimulation does not accurately mimic thalamic stimulation and removed this citation from the Discussion. This reference had been included in the previous submission due to the general lack of other studies comparing cortical inhibition between different frequencies of stimulation. We note that the results described in our manuscript help to fill this void.

*4) In response to your comment that, in contrast to Fig. 1 in Castro-Alamancos and Connors, 1996a, you did not observe spikes on every stimulus presentation at 10 Hz, the reviewer points out that this is based on VL stimulation and recording in the motor cortex, which evokes an augmenting response. If in that figure (or Fig. 3 of the same paper) the surface positive field potential component and associated corresponding excitatory drive (which produces the spikes) are eliminated, what is left is a recruiting response, as defined originally by Dempsey and Morison. Similar to spindles, recruiting responses trigger spikes only on some of the waves at 10 Hz. Thus, 3.6 Hz would be consistent with this. It would be helpful if you were to present PSTHs using each stimulus of the 10 Hz train as the marker ([Figure 3D](#fig3){ref-type="fig"}).*

As requested by the reviewer, we included PSTHs of cortical firing during 10 Hz central thalamus stimulation in the revised manuscript (see Figure 2---figure supplement 4). These figures show that spike events have a non-uniform distribution over time and are more likely to occur after a 6-34 ms latency from the onset of individual light pulses. While such a pattern is expected to occur during disynaptic thalamocortical inhibition (and is therefore compatible with the reviewer's hypothesis), it should be noted that it does not confirm or implicate the presence of thalamocortical inhibition mediated by cortical interneurons. Instead, this pattern only suggests that the evoked inhibition is not strong enough to completely eliminate the spikes evoked monosynaptically by excitatory thalamocortical afferents. In other words, while the PSTHs are consistent with cortical interneurons driving the observed inhibition (in the sense that they show a stimulus-driven excitatory response), the observed histogram distributions would likely also be present if inhibition was mediated by an external source such as zona incerta.

*5) Your evidence that inhibition of the zona incerta during 10 Hz central thalamus stimulation reverses the cortical inhibition effect is based on AAV delivery of halorhodopsin, which will not discriminate between inhibitory and excitatory neurons. Consequently, light delivery might not only inhibit ZI cells, but other cells too, including adjacent thalamocortical cells. It is therefore possible that the effects observed are due to inhibition of thalamocortical cells. Similarly, could the mCherry fibers observed in cortex actually be thalamocortical fibers? It is also possible that your stimulation could be activating the NRt, which would drive the observed spindles and the recruiting responses in the cortex at 10 Hz, in which case there would be no need for the extrinsic inhibition purportedly provided by ZI. These possibilities should be addressed in the paper. Unless they can be ruled out, conclusions about the role of the zona incerta should be modified accordingly.*

To address this concern, we added a quantitative characterization on the volume of eNpHR-expressing tissue activated by 593 nm light delivery (see [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). These calculations indicate that the cone of eNpHR activation predominately falls within the zona incerta. Furthermore, virtually none of the cone includes the thalamus (which already has a low mCherry expression-level compared to ZI), suggesting that the effects observed are not due to inhibition of thalamocortical cells. Notably, the incomplete coverage of zona incerta by the 593 nm cone of activation may explain why inhibition is not fully reversed across all recorded cells in cortex ([Figure 5H](#fig5){ref-type="fig"}).

A similar argument can be made regarding direct excitation of the reticular nucleus suggested by the reviewer. As shown in [Figure 1A](#fig1){ref-type="fig"}, the cone of tissue directly excited by 473 nm light is far removed from the reticular nucleus. Thus, it is highly unlikely that such a phenomenon could be driving the observed spindles and inhibition during 10 Hz stimulation.

Regarding the mCherry fibers reported in cortex, it has been known for over two decades that zona incerta projects to sensory cortex (see Lin et al., Science, 1990). Thus, while we agree that the mCherry-expressing axons observed in cortex may not necessarily originate from zona incerta, we also maintain that such specificity is not necessary to support our conclusions on zona incerta-mediated inhibition. As originally stated in the manuscript, these axons are simply consistent with previously reported projections.

*6) In discussing alternative hypotheses of the mechanism of cortical inhibition, including disynaptic thalamocortical inhibition (see Discussion, paragraph four) and disynaptic corticocortical inhibition (see Discussion, paragraph six), you should include relevant literature (e.g. rat in vivo thalamic stimulation), instead of marginally related work (slice studies that used white-matter or cortical stimulation, hippocampal studies, etc.). Care should also be taken to cite the literature accurately. For example, you argue that \"central thalamus at different frequencies can lead to distinct behavioral responses\" and cite Morison and Dempsey (1942), but Dempsey and Morison did not study behavior. Galarreta and Hestrin (1998) did not study thalamocortical responses (please correct this in the subsection "Central thalamus stimulation frequency controls cortical excitation/inhibition balance").*

We thank the reviewer for pointing out these errors. We replaced the Dempsey and Morison reference with two studies demonstrating distinct behavioral responses (e.g. arrest/absence seizures) during low-frequency stimulation of intralaminar nuclei in vivo. We also replaced the citation with one that studied thalamocortical responses (Castro-Alamancos and Connors, 1996b), and added studies utilizing in vivo thalamic stimulation in rat to the Discussion (Castro-Alamancos and Connors, 1996a.; Casto-Alamancos and Connors, 1996c). We appreciate how these changes have helped to improve our manuscript.

[^1]: These authors contributed equally to this work.
